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INTRODUCTION  AND  SUMMARY 


A  larre  number  of  supersonic  ground  test  facilities,  operated  by 
government  agencies  and  private  industry,  are  available  for  experimental 
research  and  vehicle  design  development.  Many  of  these  facilities 
originally  were  designed  for  aerodynamic  testing  and,  as  a  result,  use 
cold  gas  supplies  for  cost  effectiveness.  The  heat  transfer  potential 
produced  in  these  facilities  is  very  low  for  unheated/uncooled  models, 
which  serverely  restricts  their  capability  to  perform  heat  transfer 
experiments.  The  objective  of  the  program  was  to  evaluate  techniques  that 
can  be  used  to  acquire  heat  transfer  data  in  these  cold  gas  facilities  in 
a  cost  effective  manner.  Heat  transfer  data  acquisition  in  cold  gas 
facilities  not  only  will  increase  facility  capabilities,  but  also  will 
extend  the  range  of  Mach  number  and  Reynolds  number  conditions  over  which 
heat  transfer  data  can  be  measured. 

The  technical  plan  that  was  followed  in  the  program  is  presented 
in  Figure  1.  The  technical  effort  involved  three  major  tasks.  In  the 
first  task.  Measurement  Concept  Reivew,  an  exhaustive  literature  search 
and  engineering  design  analysis  was  performed  to  identify  potential 
measurement  concepts.  From  this  task,  thirteen  concepts  were  identified 
for  further  review.  These  concepts  are  surmarized  in  Table  1.  The  second 
task.  Concept  Evaluation,  involved  detailed  engineering  and  cost  reviews 
of  each  selected  concept.  The  cost  and  performance  of  each  concept  were 
compared  to  "conventional"  thin  skin  measurement  techniques  that  have  been 
extensively  used  in  hot  wind  tunnel  facilities.  Four  concepts  were 
identified  that  offer  the  capability  of  acquiring  high  quality  heat 
transfer  measurements  in  a  cost-effective  manner.  These  sensors  include 
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‘er  Measurement  Concepts  of  Cold  Wind  Tunnels 


the  2-D  foil  (Gardon)  and  wafer  thermopile  calorimeters,  liquid  crystals 
and  thermal  phosphors.  Hybrid  designs  using  thin  film  resistance 
thermometers  are  recommended  for  the  later  two  sensors.  To  cause  a  change 
in  temperature  that  is  above  ambient;  internal  heating  of  the  model  with 
hot  fluid  is  selected  for  the  2-D  foil  and  wafer  sensors.  A  resistively 
heated  metallic  film  applied  to  the  model  surface  is  selected  for  the 
liquid  crystals  and  thermal  phosphor  sensor  concepts. 

The  investigations  that  were  performed  in  the  program  are 
presented  in  the  following  paragraphs.  The  technical  features  of  the  cold 
wind  tunnel  that  were  used  in  the  investigations  are  presented  in 
Paragraph  2.0.  The  instrumentation  design  analyses  are  described  in 
Paragraph  3.0.  The  sensors  are  compared  on  technical  merit  and  cost 
eftecti venses  in  Paragraph  4.0. .  Paragraph  5.0  presents  the  sensor 
recommendations.  The  sensor  design/fabrication  drawings  are  presented  in 
Appendix  C.  The  literature  search  is  presented  in  Appendix  A  and  a 
computer  code  developed  to  analyze  sensor  thermal  response  is  presented  in 
Appendix  B. 
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WIND  TUNNEL  FEATURES 


The  sensor  concepts  were  investigated  based  on  the  following  wind  tunnel 
features  that  were  derived  from  the  Mach  3  facility  users  manual  (AFFDL, 
Wright-Patterson  Air  Force  Base,  August  1977). 

(1)  The  tunnel  supply  temperature  can  be  below  the  ambient  or  room 
temperature  value,  therefore,  as  worst-case,  supply  temperature  was 
assumed  less  than  the  initial  model  temperature. 

(2)  The  facility  cannot  inject  the  model  into  the  test  section  after  the 
flow  has  stabilized.  Therefore,  the  model  is  assumed  to  be  in  the 
flow  during  flow  stabilization. 

Because  the  model  recovery  temperature  can  be  less  than  the 
initial  model  temperature,  some  type  of  auxiliary  heating  or  cooling  of 
the  model  is  required  for  the  measurement  of  convective  coefficients. 
Auxiliary  heating  methods  that  have  been  identified  as  candidates  include 
external  quartz  lamps,  self-heating  for  resistance  thermometers, 
metallized  resistance  heaters  applied  to  the  model  surface,  and  the 
circulation  of  hot  fluid  in  the  model  itself.  Methods  that  were  rejected 
included  laser  heating,  microwave,  and  a  model  glove.  Laser  heating  is 
localized,  which  can  result  in  large  model  temperature  gradients,  thus 
effecting  the  thermal  boundary  layer.  Microwave  heating  is  complex 
relative  to  fluid  heating,  especially  when  trying  to  position  and 
insulate  RF  coils  in  the  1.0- inch  diameter  model.  A  cooled  or  heated 
model  glove  that  is  removed  after  flow  stabilization  may  require  an 
extensive  design  program  to  prevent  secondary  shocks  and  tunnel  flow 
blockage.  Flow  disturbances  induced  by  the  glove  and/or  glove  removal 
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event  must  not  significantly  interfere  with  the  model  thermal 
distribution,  thereby  causing  the  model  initial  conditions  to  be 
ill-defined.  Also,  depending  on  model  complexity,  it  may  be  required  that 
the  glove  be  designed  for  a  particular  model  design  which  does  not  allow 
flexibility  in  model  geometry. 

Aerodynamic  heating  conditions  were  astimated  for  the  AFWAL  Mach 
3  tunnel  on  an  ogive-cylinder  model  at  an  angle-of-attack  between  0  and 
lO'1  The  tunnel  conditions  were  obtained  from  the  facility  user  manual. 
The  calculations  were  performed  with  the  PDA  NOHARE  code.*  The  heat  flux 
and  recovery  temperatures  are  presented  in  Figures  2  and  3.  Figure  2 
presents  the  model  heating  distributions  for  a  near  upper-limit  in 
facility  operating  pressure,  Pq  =  570  psia.  Figure  3  presents  the  model 
beating  distributions  for  the  lower  level  of  facility  operation,  =  70 
psia.  In  both  cases,  the  supply  temperature  was  assumed  to  be  490°R. 
These  heating  distributions  were  used  in  the  computer  code  to  evaluate 
each  candidate  instrumentation  system. 


♦Smith,  D.H.,  et  al ,  "Computer  Codes  for  Nosetlp  Recession  and  In-Depth 
Thermal  Analysis:  NOHARE,  NOSEC,  NODGEN",  PDA  TR  5002-00-01,  January  1976. 
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Figure  2.  Model  Convective  Parameters,  P 
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3.0  INSTRUMENTATION  DESIGN  STUDIES 
3.1  1-D  Thin  Skin 

This  is  the  reference  system  to  which  all  other  instruments  will 
be  compared.  The  thin  skin  concept  is  designed  so  heat  transfer  is  1-D 
and  conduction  losses  through  the  temperature  measurement  device  are 
negligible.  A  schematic  of  the  sensor  is  presented  in  Figure  4  and  is 
similar  in  construction  to  the  2-D  foil  gage  of  Paragraph  3.2.  In  the 
design  of  the  thin  skin  gage  the  metal  thickness, 8,  hole  radius,  Ro,  and 
T/C  diameter,  dy^  are  sized  to  minimize  conduction  losses.  In  contrast, 
the  2-U  foil  gage  utilizes  an  additional  T/C  lead  so  that  the  radial 
temperature  gradient  from  the  foil  center  to  the  outer  structure  is 
measured.  This  gradient  is  sized  for  a  given  condition  by  varying  the 
foil  thickness, 8,  and  hole  radius,  R0-  Temperature  can  be  measured  using 
conventional  T/C,  semiconductor  T/C,  thermistors  and/or  resistance 
thermometers.  In  the  selection  of  the  measurement  device,  model 
fabrication  methods  and  cost  must  be  considered  because  of  the  small 
model  size  (1.0-inch  diameter). 

The  model  fabrication  methods  outlined  in  Reference  DM-89*  were 
selected  for  the  1-D  thin  skin.  This  involves  casting  the  epoxy  model 
(Stycast  27b2FT)  on  a  steel  tube  and  machining  the  epoxy  model  about  0.003 
inch  below  nominal  radius.  The  steel  tube  provides  model  support  and  also 
a  lead  wire  passage.  At  the  locations  where  1-D  thin  skin  calorimeters 
are  desired,  holes  of  a  diameter  to  be  discussed,  are  drilled  radially  in 
the  epoxy  to  join  with  the  center  steel  tube.  The  model  is  then  placed  in 

‘References  are  listed  in  Appendix  A,  Literature  Search 
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DIAMETER 


a  female  mold  with  a  small  hole  at  the  center  of  each  radial  hole  to  allow 
T/C  wire  pulling.  A  single  constantan  wire  is  then  pushed  through  the 
small  hole  in  the  female  mold  into  the  center  steel  tube  and  out  the  aft 
end  of  the  model.  A  small  amount  of  excess  constantan  wire  is  left  in  the 
female  mold.  After  all  wires  are  located  in  the  model  and  strain  relieved 
by  bonding  them  to  the  center  tube,  the  assembly  is  heated  and  a  wax 
(Cerrotru)  is  poured  into  the  center  tube  to  fill  all  the  radial  holes. 
Vacuum  is  applied  during  different  stages  in  the  wax  pour  to  minimize  air 

pockets.  After  the  wax  has  hardened,  the  model  is  removed  form  the  female 
mold.  The  surface  is  sanded  or  additional  wax  is  added  to  result  in  a 
smooth  surface,  making  sure  that  each  constantan  wire  protrudes  from  the 
model  surface.  The  model  is  then  plated  with  approximately  .001  to  .0015 
inch  of  electroless  nickel  using  the  techniques  outlined  in  Reference 
DM-89.  The  exposed  constantan  wire  is  then  removed  and  an  additional  .001 
to  .0015  inch  of  nickel  is  plated  to  form  a  smooth  surface  at  the  wire 
junction.  The  studies  of  DM-89  showed  tnat  nickel  could  be  plated  on  the 
epoxy  and  wax  material  to  form  a  smooth  surface  that  is  compatible  at 
temperatures  up  to  810^1.  After  model  plating,  the  model  is  heated  to 
remove  the  wax. 

It  was  concluded  by  reviewing  the  fabrication  procedures  with 
other  temperature  measuring  devices,  that  the  nickel -constantan  T/C  and 
possibly  the  thermistor  are  simpler  to  fabricate,  and  possibly  lower  in 
cost.  The  semiconductor  T/C  and  resistance  thermometer  require  access  to 
the  backface  of  the  foil  for  installation  which  is  difficult  for  the 
1-inch  in  diameter  x  9-inch  in  length  ogive-cylinder  model.  This  may 
require  fabricating  the  model  into  two  halves  for  installation.  The 
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thermistor  could  possibly  be  fabricated  using  the  above  steps.  This 
device,  although  more  sensitive  than  the  T/C,  requires  two  lead  wires 
instead  of  one,  thus  increasing  lead  wire  conduction  losses.  The  greater 
number  of  lead  wires  also  doubles  the  probability  of  failure.  The 
thermistor  requires  ceramic  insulation  with  bead  diameters  typically 
0.007  to  0.014-inch  (DM-85),  thus  adding  thermal  mass  in  the  sensor  area. 
The  nickel/constantan  T/C,  in  comparison,  adds  very  little  additional 
thermal  mass  because  wire  diameters  between  0.001  and  0.003-inch  can  be 
used.  Both  devices,  however,  are  candidates  for  the  1-D  thin  skin  gage. 

A  constant  for  the  thin  skin  gage  that  must  be  evaluated  either 
by  direct  laboratory  calibration  or  from  prior  measurements  is  the 
product  of  density,  specific  heat  and  thickness  of  the  nickel  plate, PCS. 
The  use  of  prior  property  data  measurements  and  actual  thickness 
measurement  of  the  plate  is  relative  to  laboratory  calibration,  more  cost 
effective,  but  somewhat  less  accurate.  The  method  to  be  used  for  constant 
evaluation  will  depend  on  cost  vs.  desired  accuracy  for  the  particular 
application.  In  the  sensor  investigations  that  follow,  laboratory 
calibration  was  selected  because  the  model  design  and  fabrication 
procedures  could  produce  material  properties  that  differ  from  handbook 
values.  Laboratory  investigations  of  recommended  design  and  fabrication 
procedures  should  identify  the  applicability  of  handbook  properties. 

Because  the  tunnel  supply  temperature  can  equal  the  initial 
model  temperature,  auxil i ary  model  heating  (or  cooling)  will  be  required. 
By  the  very  nature  of  the  thin  skin  design,  the  T/C  or  thermistor  is 
isolated  from  the  adjacent  model  wall  so  that  conduction  is  1-0  ( i . e . , 
minimal  conduction  losses  to  adjacent  surfaces).  Thus,  internal  model 


heating  is  not  attractive.  Possible  methods  for  external  heating  are 

quartz  lamps  or  surface  resistance  heating.  External  quartz  lamps  could 

be  placed  in  the  outer  regions  of  the  test  cell  and  focused  on  the  model. 

2 

Quartz  lamps  capable  of  producing  up  to  5  Btu/ft  sec  of  radiant  energy  on 
the  model  can  be  commercial ly  obtained  (e.g.,  Ealing,  Oriel,  Klinger). 
Operation  procedures  with  the  quartz  lamps  would  involve  the  following: 

(1)  Laboratory  calibration  of  each  thin  skin  T/C  using  a  radiant  heat 
source  to  determine  the  constant  pc6  in  the  thin  skin  heat  balance: 

dT 

“Vi  =  pC6dt  O) 

The  absorptivity  of  the  sensor,  a,  is  measured  in  the  laboratory.  The 
absorptivity  and  pCS  measurement  can  be  performed,  for  example,  at 
Hy-Cal  or  Medtherm. 

(2)  Wind  tunnel  calibration  (with  the  tunnel  off)  of  the  incident  model 
radiation  from  external  quartz  lamps.  The  pC6  measured  in  Step  1  and 
the  measured  model  temperature  response  is  used  to  calculate  the 
incident  heating  q  in  Equation  1.  Note  that  heating  need  not  be 
uniform  on  the  model.  To  minimize  errors,  the  lamp  radiation  must  be 
reproducible  or  measured  between  wind-on  and  wind-off  conditions. 

(3)  With  lamps  off,  the  tunnel  is  started.  After  the  flow  has  stabilized, 
and  the  model  has  come  to  near  thermal  equilibrium,  the  1-0  thin  skin 

T/C  outputs  are  recorded  to  determine  recovery  temperatures,  T^.  The 
lamps  are  then  turned  on  and  the  transient  temperature  changes  are 
measured  along  with  the  final  quasi -steady-state  temperature  levels. 
The  test  is  then  terminated. 
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(4)  The  transient  response  of  the  thin  circular  sensor  of  Figure  4  where 


the  temperature  gradient  in  the  X  direction  is  negligible  is: 


PCS 


&  ■  S^~*  r  &  +  +  h  <VT>  *  “  Vad 


dr 


(2) 


Assuming  that  the  temperature  gradient  in  the  radial  direction  and 
self-radiation  are  both  negligible  results  in: 


PCS 


dT  _ 


Ht  "  h  (VT)  +  “  qrad  (2a) 

Equation  3  can  be  used  to  evaluate  the  convective  heat  transfer 
coefficient  for  relatively  short  test  times  (transient  model  response). 
For  longer  times,  the  model  approaches  steady  state  and  the  data 
reduction  equation  reduces  to: 


h  (T-V  -  “  <Vad 


(3) 


In  the  above  equations,  T  is  the  instantaneous  temperature.  It 
must  be  noted  that  if  the  transient  method  is  used,  then  shutters  on  the 
lamps  will  be  required  so  that  the  initiation  of  radiant  heating;  i.e.,  the 
start  of  model  heating  is  known.  This  is  not  required  for  the  steady-state 
method . 

Insteau  of  external  lamps,  the  model  can  be  resistively  heated 
by  the  passage  of  current  through  the  nickel  plate  on  the  surface  of  the 
model.  The  nickel  is  plated  on  the  surface  with  a  portion  of  the  surface 
"masked"  to  result  in  a  plated  nickel  resistance  element  on  the  surface, 
so  that  when  a  voltage  is  applied  across  the  resistor  ends,  a  reasonable 
distribution  of  heating  results  over  the  model  surface.  For  the  model 
under  consideration,  500  watts  of  electrical  power  will  produce  the  same 
temperature  conditions  as  the  quartz  lamp  method  with  2.5  Btu/ft2sec  of 
mdicent  radiation.  Operation  with  the  resistance  heater  is  similar  to 
that  of  the  quartz  lamp,  and  is  as  follows: 
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(1)  Determine  pC6  in  the  same  manner  as  for  the  quart?  lamp  method. 
(This  step  is  not  required  if  the  steady-state  solution.  Equation  3, 
is  applicable.) 

(2)  Measure  the  electrical  heat  dissipation  as  a  function  of  temperature 

in  the  laboratory.  Because  the  resistivity  is  temperature-dependent 

and  varies  with  material  purity  (Reference  DM-63),  the  nickel  plate 

over  each  thin  skin  section  should  be  calibrated.  Calibration  can 

involve  waxing  or  greasing  a  reference  calorimeter  (e.g.,  wafer 

thermopile  calorimeter  made  by  Hy-Cal ,  Medtherm  or  RdF)  on  the  model's 

external  surface  over  the  thin  skin  area  so  that  essentially  all  the 

local  heater  power  is  conducted  into  the  calorimeter.  By  applying 

power  to  the  heater  in  steps  and  allowing  the  model  to  equilibrate, 

the  electrical  dissipation,  q  ,  as  a  function  of  temperature,  is 

elect 

measured  and  the  constants  C-j  and  can  be  evaluated  from: 

qelect  "  V  +  C2  (4) 

(3)  Same  as  Step  3  for  the  quartz  lamp  method. 

(4)  Same  as  Step  4  for  the  quartz  lamp  method,  except qej  ,  which  is  a 

function  of  temperature,  is  substituted  for  qra(j  • 

For  the  resistance  heating  method  to  measure  temperature  in  the 
steady-state  condition,  two  T/C  lead  wires  will  be  required.  That  is,  the 
nickel  plate  cannot  be  used  as  the  other  T/C  lead  because  of  the  current 

required  for  heating.  One  T/C  lead  can,  however,  be  used  in  the  transient 

condition  because  the  heater  need  not  be  functional  after  the  model  is 
brought  to  a  satisfactory  temperature.  The  requirement  for  two  lead  wires 
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makes  the  thermistor  attractive,  especially  if  the  1-D  thin  skin  gage  can 
be  operated  in  steady-state,  thus  eliminating  the  effect  of  thermistor 
thermal  mass  (bead  diameter  ~  0.007  inches  vs.~  0.003  inches  of  nickel 
plate ) . 


In  the  design  of  thin  skin  gages,  T/C  lead  wire  conduction,  T/C 

thermal  mass  (not  important  in  steady-state),  and  2-D  conduction  effects 

need  to  be  considered  in  order  to  determine  the  validity  of  using 

Equations  1,  2  and  3  to  perform  the  data  reduction.  These  were  evaluated 

using  the  finite  difference  thermal  model  developed  specifically  for 

direct  contact  instruments  (presented  in  Appendix  B) .  The  materials 

selected  for  the  model  were  based  on  the  experience  in  model  fabrication 

described  in  DM-89.  These  materials  and  their  properties  (DM-89)  were 

used  to  size  the  sensor.  The  material  properties  are  presented  in 

Appendix  8.  Important  sensor  parameters  are  T/C  wire  diameter,  plate 

thickness,  and  radius  of  the  thin  skin  section  (i.e.,  hole  in  the  epoxy 

structure).  The  analyses  were  applied  to  the  operational  steps  as 

outlined  above  for  both  the  quartz  lamp  and  electrical  resistance  heating 

2 

methods.  In  both  cases,  the  tunnel  conditions  were  qcw  =  20  Btu/ft  sec, 
=  478. 8°R  with  the  model  initially  at  a  constant  temperature  of 
478. 8°R.  For  the  quartz  lamp,  q  ^  =  2.5  Btu/ft^sec.  For  electrical 

resistance  heating: 

Select  =  '-0078  (T  -  Tq)  +  2.5  Btu/ft^sec 

Where  the  constant  .0078  was  obtained  from  Reference  DM-63  for  nickel  and 
the  constant  2.5  was  set  equal  to  the  quartz  lamp  power.  The  results  of 
the  analyses  are  presented  in  Figure  5.  The  error  in  the  convective 
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T/C  DIAMETER  VARIATION  WiTH 
R„  =  0.090  INCHES 


T/C  DIAMETER  (dTC)-  INCHES 


coefficient,  presented  in  Figure  5,  was  determined  by  applying  Equations 
1,  2  and  3  to  the  computer  results  to  infer  convective  coefficient.  These 
coefficients  are  then  compared  with  the  actual  to  determine  the  error.  As 
can  be  noted  from  the  figure,  the  error  produced  by  2-0  conduction  becomes 
significant  for  a  thin  skin  radius  less  than  0.090  inches.  The  error 
produced  by  T/C  lead  wire  conduction  is  reasonable  for  wire  diameters  less 
than  0.003  inches. 

Error  analyses  were  applied  to  a  sensor  design  with  a  plate 
thickness  of  0.003  inch,  a  T/C  diameter  of  0.003  inch  and  a  thin  skin 
section  radius  of  0.090  inch.  These  features  reduce  conduction  errors  to 
a  reasonable  level  and  do  not  make  model  fabrication  difficult.  That  is, 
PDA  has  successfully  fabricated  similar  models  with  wire  diameters  of 
0.001  inches.  Reference  DM-63  has  plated  .003-inch  thick  nickel 
successfully.  At  the  upper  tunnel  supply  pressure  (570  psia),  the  gas 
pressure  on  the  ogive  surface  in  the  vicinity  of  where  the  0.090-inch 
radius  gage  can  be  placed  is  10  atm.  This  induces  a  shear  stress  of  2400 
psi,  which  is  less  than  the  24000  psi  shear  strength  reported  for  plated 
nickel  ( Reference  DM-63 ) . 

An  error  analysis  was  performed  on  the  thin  skin  design  to 
determine  the  accuracy  of  the  quartz  lamp  and  resistance  heating  methods. 
The  error  analysis  considered  T/C  lead  wire  conduction,  2-D  conduction  to 
adjacent  structure,  thermal  mass  of  T/C  wire,  effects  of  gradient  in  the 
convective  coefficient,  calibration,  and  temperature  measurement.  The 
Taylor  series  method  of  error  propagation  was  applied  as  follows: 
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where  ep^  is  the  uncertainty  in  parameter  P.. 

The  errors  were  estimated  as  follows: 

(1)  Indepth  temperature  gradient  through  .003-inch  nickel  plate  with  free 
air  convection  on  inside  surface  of  nickel  is  calculated  to  be  0.02°R. 

(2)  Laboratory  calibration  error  in  Step  1  for  both  quartz  lamp  =  +3%  on 
the  measurement  of  pC6  (Reference  DM-35). 

(3)  For  lamp  heating,  the  total  error,  e^/h  ,  produced  by  lead  wire 
conduction,  2-D  conduction  to  adjacent  structure,  and  free  convection 
in  the  tunnel  calibration,  Step  2,  were  predicted  using  a  computer 
code  to  be  a  total  of  3.4515  for  one  0.003-inch  diameter  lead  wire. 

(4)  For  resistance  heating,  the  total  error,  e^/n  ,  produced  by  T/C,  2-D 

conduction  to  adjacent  structure,  free  convection  in  tunnel 

calibration,  and  nonuniform  power  dissipation  over  gage  surface  due  to 
temperature  gradients  were  predicted  using  a  computer  code  to  be  a 
total  of  6.8%  for  two  0.003-inch  diameter  lead  wires. 

(5)  T/C  temperature  measurement  error  for  both  recovery  and  surface 
temperature  is  approximately  .75%  of  the  absolute  temperature  value 
(Reference  0S-40),  or  +4°R  for  the  thin  skin. 

(6)  Uncertainty  in  incident  radiation  for  quartz  lamp  method:  (a) 
intensity  variation  in  lamp  =  5%  (Oriel  Optics),  (b)  temperature 
measurement  error  of  +4°R  produces  an  error  of  5.7%  in  q  ^  per 
Equation  1.  Error  aue  to  pC6  measurements,  free  convection  and 
conduction  losses  has  been  included  in  Item  (1),  above. 
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(7)  The  calibration  of  electrical  dissipation  (Step  2  for  resistance 
heating)  is  3%  in  the  measured  heat  flux  (Reference  DM-36).  The  heat 
losses  that  occur  during  calibration  are  estimated  to  be  4%. 


Using  the  above  error  estimates  and  Equations  1,  2,  3  and  4  in 
conjunction  with  the  Taylor  series  (Equation  5),  the  errors  presented  in 
Table  2  were  obtained. 

Table  2.  Heat  Transfer  Coefficient  Error  (q  =20  Btu/ft^sec,  T  =  4t8°r) 

cw  n 


Heating  Method 

Data  Reduction  Method 

Error,  e/h 
h 

Quartz  Lamp 

Transient,  Eqn.  2 

0.l8 

Quartz  Lamp 

Steady-State,  Eqn.  3 

O.llt 

Resistance 

Transient,  Eqn.  2 

0.l8 

Resistance 

Steady-State,  Eqn.  3 

0.15 

From  the  computer  analyses  of  error  items  3  and  4  above, 
quasi -steady-state  conditions  were  achieved  in  less  than  5  seconds.  Thus, 
tunnel  run  times  less  than  30  seconds  appear  to  be  satisfactory  for  the 
high  tunnel  supply  pressures.  This  time  will ,  of  course,  increase  with 
lower  tunnel  supply  pressures. 

From  the  error  analysis,  both  heating  methods  have  essentially 
the  same  measurement  uncertainty.  The  quartz  lamp  method  has  the 
undesirable  feature  of  requiring  tunnel  modifications  and  is  therefore 
likely  to  be  more  expensive  than  the  resistance  heater  method.  The 
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resistance  heater  method  has  the  disadvantage  of  being  more  complex  in 
model  fabrication  because  of  the  electrical  insulation  and  masking  of  the 
nickel  foil  required  to  form  the  resistance  heater.  However,  before  the 
resistance  method  is  selected  over  the  quartz  lamp  method,  it  is 
recommended  that  a  small  laboratory  effort  be  performed  to  evaluate  the 
quality  of  the  resistance  heater  model  (i.e.,  surface  roughness  between 
plated  and  masked  regions,  plate  structural  integrity,  etc.).  However,  in 
this  program,  resistance  heating  was  selected  over  external  lamp  heating 
because  of  lower  costs  that  may  be  inherent  in  the  former  concept. 

Use  of  a  thermistor  instead  of  a  thermocouple  to  measure 
temperature  would  reduce  the  temperature  measurement  error.  Because  the 
thermistor  has  ceramic  insulation  over  the  sensor  and  relative  to  the 
T/C's  greater  thermal  mass,  operation  of  the  thermistor  in  the 
steady-state  condition  (Equation  3)  is  desirable.  Using  a  thermistor  with 
a  temperature  mesurement  uncertainty  of  +0.5°R  (Reference  DM-85)  to 
measure  temperature  in  the  steady-state  condition,  the  convective 
coefficient  measurement  error  is  8%.  \/C  models,  similar  to  those 
required  in  the  cold  wind  tunnel  design  have  been  fabricated  (References 
DM-89  and  -114),  thus  there  is  a  good  probability  of  fabricating  high 
quality  models.  Fabrication  of  the  thermistor  model  appears  feasible  but 
does  not  appear  to  have  been  performed.  It  is  recommended  that  before  the 
thermistor  version  is  selected,  that  a  laboratory  test  model  be  fabricated 
to  determine  nickel  plate/thermistor  bonding  and  surface  uniformity. 
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Also  the  nickel -plated  model  has  some  restrictions  on  the 
temperature  range  over  which  it  can  operate.  In  Reference  DM-89, 
difficulty  was  obtained  in  operating  the  plated  model  much  over  810  R 
because  of  the  difference  in  the  coefficients  of  thermal  expansion  between 
nickel  and  the  epoxy  model .  For  the  1-D  thin  skin  and  other  sensors  (to 
be  discussed)  that  use  the  nickel-plated  concept,  temperatures  up  to  660°R 
provide  reasonable  accuracy  in  measuring  convective  coefficients. 

3.2  2-D  Foil  (Gardon  Gage) 

The  2-0  foil  concept  is  similar  in  construction  to  the  1-D  thin 
skin  except  the  former  is  designed  so  heat  is  transfered  radially  along 
the  foil  to  the  adjacent  structure  (or  heat  sink).  Conventional  data 
reduction  techniques  for  the  gage  (References  DM-2,  DM-44  and  DM-76) 
cannot  be  applied  to  the  cold  wind  tunnel  conditions  because  the  heat  flux 
incident  in  the  foil  is  not  constant  over  its  surface  (i.e.,  radial 
temperature  gradient  over  the  foil  causes  nonuniform  convective  heating 
when  recovery  temperature  is  on  the  same  order  as  the  surface 
temperature).  This  difference  is  shown  in  Figure  6  for  the  noted  foil 
configuration  and  tunnel  conditions.  Figure  6  was  calculated  using  the 
computer  code  developed  for  the  thin  skin. 


The  heat  conduction  equation  for  the  steady-state  condition  with 
radial  heat  flow  over  the  foil  whin  the  incident  heat  flux  is  a  function 
of  local  temperature  is: 


d2T  l  dT 

,2  +  r  dr 

dr 


(6) 


where  boundary  conditions  are:  r  =  0,  dT/dt  =  0,  and  r  =  R0,  T  =  TQ. 
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Letting  y  =  T  -  and  X  =  h/K6,  the  above  equation  can  be  written  as: 

r2ll+ri  +  X2r2y  =  0 
,  2  dr 
dr 

which  is  Bessel's  equation  of  the  zero  order  and  whose  solution  as 
outlined  by  Eckert  and  Drake*  is: 

y(r)  =  C1  Iq (Ar )  ^  C^iXr)  (8) 


By  inspection  of  Equation  8,  K0(Xr)  is  infinity  at  r 
therefore,  C2  must  be  zero.  At  r  =  R0  ,  y  =  y0  then 


=  WV0 


0, 

(9) 


and  temperature  at  the  center  of  the  disk  (T^  at  r  =  0)  is: 


1 

I  (BA) 


(10) 


Use  of  the  2-D  foil  gage  in  the  wind  tunnel  will  require  first 

calibrating  the  gage  to  determine  the  constant  R  //k^10  Equation  10. 

o' 

That  is 


This  gage  constant  is  determined  using  standard  laboratory 
procedures  developed  for  commercial ly-avai lable  Gardon  gages, 
involves  a  radiant  heat  source  so  the  gage  output  (T0  -  Tb  ) 
to  the  incident  heating  by 


cal ibration 
Calibration 
is  related 


_  4k6  /T  ,  \ 
qrad  '  7?  (To  "  V 
0 


(ID 


*Eckert,"F.R.G.  and  R.  M.  Drake,  Heat  and  Mass  Transfer,  p.  50,  McGraw-Hill, 


1969. 
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The  validity  of  using  Equations  10  and  11  to  evaluate  convective 
coefficients  in  wind  tunnels  will  depend  on  the  ability  to  satisfy  the 
assumptions  used  in  generating  the  data  reduction  equations.  These 
assumptions  are  1)  steady-state  heat  transfer,  2)  one-dimensional  heat 
flow  in  the  radial  direction  and  3)  a  constant  convective  coefficient  over 
the  radius  R0  .  The  ability  of  the  gage  in  satisfying  these  assumptions 
was  evaluated  using  the  computer  code  described  in  Appendix  B.  The  code 
was  applied  to  the  geometry  and  conditions  shown  in  Figure  6.  The  model 
was  initially  at  478. 8°R  and  at  time  =  0  the  model  was  heated  internally 
with  water  at  660°R.  The  code  was  first  applied  to  laboratory  calibration 
conditions  with  qrad  -  2.5  Btu/ft2  sec  to  evaluate  R0//RT  ,  then  to  the 
wind  tunnel  condition  with  q^  =  20  Btu/ft  sec.  The  results  are 
presented  in  Table  3. 


O 

O 

■ 

JO 

Table  3. 
\  R0  -  -075 

2-D  Foil  Design  Studies 
”,  q  -  20  Btu/rt2sec,  T 

^CV  * 

R  »  U7S.8°r) 

Case 

T/C  Wire 
Diameter 
(in) 

Tunnel  Operation, 
Measured  h 

(Btu/ft2sec°R) 

Eh/h 

(?) 

1)  EqustionslOi  11 
(Reference) 

o 

o 

13.1 

.0ltl8 

0.0 

2)  Computer  Code 
(evaluate  finite 
difference  errors) 

o.c 

12.8 

■  0ltl2 

l.W 

3)  Computer  Code 
(design) 

0.00.1 

12.7 

•  OltlO 

1.9* 

It)  Computer  Code 
(design) 

0.003 

12.5 

.0395 

r .  5? 

For  cold  wind  tunnel  applications,  a  nickel  foil  thickness,  5  = 
0.003  inch,  was  selected  to  produce  a  structurally  rugged  model .  The 
cavity  radius,  R  0  =  0.075  inch,  was  selected  to  provide  a  reasonable 
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temperature  difference,  T0  -  in  Equations  10  and  11,  and,  at  the  same 
time,  provide  a  spatial  measurement  resolution  slightly  better  than  the 
thin  skin  sensor  (Section  2.1).  From  the  computer  results,  it  was 
concluded  that  steady-state  heat  transfer  in  the  foil  can  be  achieved 
within  10  seconds.  One-dimensional  radial  heat  flow  is  effected  by  the 
T/C  wire  located  in  the  center  of  the  gage  with  the  resulting  measurement 
error  being  a  function  of  wire  diameter.  Table  3  presents  the  error 
induced  by  the  T/C  as  a  function  of  wire  diameter.  Case  1  in  the  table  is 
the  reference  condition  to  which  all  other  computations  are  compared  and 
is  the  exact  solution  as  obtained  by  Equations  10  and  11.  Case  2  is  the 
computer  results  applied  to  the  gage  with  no  T/C  and  represents  the  error 
induced  by  the  numerical  computer  code.  Cases  3  and  4  represent  the 
errors  induced  by  wires  with  diameters  of  0.001  and  0.003  inch.  These 
results  are  used  in  the  e» ror  analyses  (to  be  discussed)  where  it  will  be 
shown  that  the  0.003-inch  diameter  T/C  is  satisfactory. 

Evaluation  of  fabrication  and  tunnel  operation  methods  for  the 
gage  have  been  accomplished  and  are  summarized  below.  The  2-D  foil  offers 
a  number  of  advantages  over  the  thin  skin  gage,  as  will  be  discussed. 

The  ogive-cylinder  model  is  fabricated  from  a  constantan 
structure  over  which  nickel  has  been  plated.  The  2-D  foil  gage  is  formed 
in  areas  of  the  structure  where  radial  holes  have  been  machined  in  the 
constantan  (see  Figure  6).  Model  fabrication  involves  machining  a 
constantan  structure  with  a  center  hole  for  both  lead  wires  and  fluid  flow 
(or  a  resistance  heating  element).  The  model  is  machined  0.003  inch  below 
nominal  radius.  Radial  holes  are  drilled  from  the  outside  surface  to  meet 
with  the  center  hole.  The  radial  holes  are  approximately  0.15  inch  in 
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diameter.  A  chromel  wire  (.003-inch  diameter)  is  welded  to  the  outer  edge 
of  each  radial  hole  to  permit  measurement  of  the  model's  surface 
temperature  (T0  )  during  model  operation.  The  model  is  placed  in  a  female 
mold,  similar  to  that  used  in  thin  skin  model  fabrication,  and  a  single 
constantan  wire  (0.003-inch  diameter)  is  placed  in  the  center  of  each 
radial  hole.  Both  the  constantan  and  chromel  wires  are  electrically 
insulated  along  their  length.  The  wires  are  strain-relieved  by  epoxying 
their  lead  wires  to  the  center  of  the  model.  Wax  (Cerrotru)  is  then 
poured  into  the  center,  filling  all  the  radial  holes.  The  fabrication  and 
plating  procedures  of  the  1-0  thin  skin  are  now  followed  to  form  a 
0.003-inch  thick  nickel  plate  over  the  entire  model.  The  wax  is  melted 
and  removed.  Through  the  center  hole,  thin  ceramic  disks  are  used  to  cap 
the  radial  holes.  The  disks  are  then  epoxied  to  seal  the  radial  holes. 
For  fluid  heating,  a  tube  is  then  installed  in  the  model's  central  hole. 
This  tube  will  provide  the  inlet  for  the  hot  fluid  that  will  be  used  to 
heat  the  model.  The  annulus  between  the  tube  and  constantan  model  will 
serve  as  the  outlet.  For  resistance  heating,  an  electrical  heating  probe 
is  inserted  in  the  central  hole  and  the  annulus  filled  with  thermal  grease 
to  ensure  uniform  heat  flow  to  the  constantan  structure. 

The  2-D  foil,  as  constructed,  will  measure  surface  temperature, 
T0,  at  the  outer  edge  of  the  radial  hole  by  the  voltage  developed  across 
the  chromel  lead  wire  and  the  constantan  model  body.  The  temperature 
difference  between  T0  and  the  center  of  the  foil  (T0)  is  measured  by  the 
voltage  developed  across  the  constantan  lead  wire  and  the  constantan  model 
body.  These  temperatures  can  be  related  to  convective  coefficient  by 
using  Equation  10. 
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Operation  procedures  for  the  2-D  foil  model  should  involve  the 

fol lowing: 

(1)  Laboratory  calibration  of  each  calorimeter  to  determine  the  constant, 

2 

4K6/R  in  Equation  11  ,  for  the  gage  operating  in  an  environment 
where  the  heat  flux  is  essentially  independent  of  surface  temperature 
( i  .e . ,  radiation) . 

(2)  With  no  fluid  flow  in  the  model  or  electrical  heat  dissipation,  the 
tunnel  is  started  and  stabilized.  After  the  model  has  come  to  nearly 
thermal  equilibrium,  the  recovery  temperatures  are  measured.  Fluid 
(e.g.,  hot  water)  is  then  flowed  through  the  model  or  the  resistance 
heater  is  turned  on  and  the  model  allowed  to  reach  a  second  thermal 
equilibrium  condition.  The  temperatures  T0  and  the  difference  (T0  - 
T^)  are  measured.  The  test  is  then  terminated. 

(3)  The  convective  coefficient  is  determined  from  Equation  10  usihg  the 
gage  constant  obtained  from  the  calibration  run. 

The  constantan  model  will  "smear"  any  large  temperature 
variations  that  will  occur  as  a  result  of  heat  flux  gradients.  This  will 
only  effect  the  measurement  of  local  recovery  temperature  which,  for  the 
ogive-cylinder  model,  changes  10°R  per  inch  of  model  length  along  the 
front  part  of  the  ogive  (see  Figure  2).  This  gradient  is  small  and  should 
induce  a  small  error.  "Smearing"  will  not  effect  the  measurement  of 
convective  coefficients  because  the  sensor  measures  heat  flux  only  over 
the  face  of  the  foil  and  is  essentially  uneffected  by  conduction  heat 
transfer  in  the  model  body.  Thus,  the  measured  convective  coefficient  is 
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an  average  over  the  face  of  the  sensor. 

Fluid  heating  (with  water)  will  provide,  relative  to  resistance, 
greater  control  of  model  temperatures,  thus  causing  less  likelihood  of 
failing  the  nickel  to  constantan  bond  because  of  thermal  expansion 
differences.  Fluid  heating,  however,  requires  a  sealed  model  with  inlet 
and  outlet  connections.  Resistance  heating  will  require  a  thermal  grease 
to  enhance  uniform  model  heating  and  a  temperature  controller  to  prevent 
model  over-heating.  An  ullage  volume  will  be  required  to  handle  thermal 
expansion  of  the  grease.  Selection  of  the  heating  method  should  be  made 
using  data  provided  by  a  preliminary  laboratory  investigation.  In  this 
program,  fluid  heating  was  selected  because  of  greater  temperature 
control . 

An  error  analysis  was  performed  on  the  2-D  foil  gage  using  the 
procedures  outlined  in  the  thin  skin  section.  The  errors  are  summarized 

o 

below  and  were  estimated  for  q  =20  Btu/ft  sec  and  T0  =  478. 8°R. 

cw 

(1)  Indepth  temperature  gradient  through  the  0.003-inch  nickel  plate  with 
free  air  convection  on  the  inside  surface  of  the  plate  is  0.02^. 

(2)  Laboratory  calibration  error  in  Step  1  above  is  +3*  (Reference  DM-35). 

(3)  Recovery  temperature  measurement  error  is  +4°R  (Reference  0S-40)  which 
produces,  using  Equation  10,  an  error  on  the  convective  coefficient  of 
+8.5%. 

(4)  Surface  temperature  measurement  error,  TQ  ,  is  ^4^1  and  also  produces 
an  error  of  +8.5%  on  the  convective  coefficient. 
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(5)  Temperature  difference,  T0  -  T[j  ,  is  +<).75%  of  absolute  or  +2 'ft, 
whichever  is  greater  (Reference  0S-40).  With  this,  the  corresponding 
error  in  the  convective  coefficient  is  +5.6%. 

(6)  Conduction  error  because  of  T/C  is  5.5%  per  Table  3. 

(7)  Error  induced  by  the  T/C  wire  not  being  at  the  center  of  the  foil  is 
based  on  a  placement  error  of  +HD .010  inch  during  fabrication.  From 
the  computer  output,  Figure  6,  the  resulting  error  on  convective 
coefficient  is  1.7%. 

Using  the  above  error  estimates  in  Equation  4  results  in  an  RSS 
error  of  14.3%.  As  can  be  noted  in  Table  3,  using  a  small  wire  diameter 
does  not  reduce  the  error  a  significant  amount  because  the  measurement 
errors  on  T^  and  T0  are  dominating  gage  accuracy. 

3.3  Semi-Infinite  Model,  Conventional  T/C 

A  schematic  of  the  semi-infinite  model  using  a  conventional  T/C  is 
shown  in  Figure  7.  It  may  be  noted  in  Table  1,  that  essentially  all  the 
instrumentation  concepts  can  be  used  in  the  semi-infinite  model 
configuration.  For  the  conventional  T/C  the  junction  is  formed  at  the 
intersection  of  the  constantan  wire  and  the  nickel  plate.  By  the  very  nature 
of  the  semi-infinite  model,  internal  model  heating  is  not  applicable. 
Therefore,  candidate  heating  methods  are  external  quartz  lamps  or  external 
electrical  resistance  heating. 

Model  fabrication  procedures  are  similar  to  the  1-D  thin  skin 
except  that  no  radial  holes  are  required  in  the  epoxy  model.  T/C  wires 
are  located  in  a  female  mold.  Epoxy  is  then  poured  and  cured.  Plating 
follows  the  same  procedures  as  outlined  for  the  thin  skin. 
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For  quartz  lamp  heating,  one  T/C  wire  will  be  required.  For 
resistance  heating,  two  T/C  wires  will  be  required  because  heating  will  be 
required  at  the  same  time  model  temperatures  will  be  measured. 


For  the  semi-infinite  solid,  the  conduction  equation  is: 


dj 

dt 
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where  the  boundary  conditions  are  at  t  =  0,  T  =  TQ  =  constant.  For  quartz 
lamp  heating  at  X  =  0, 
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and  for  resistance  heating,  the  power  dissipation  is  a  linear  function  of 
temperature,  that  is: 

qelect  =  C1(T  ’  V  +  C2 
then  the  boundary  condition  at  x  *  0  is: 

'  W  =  C1<T  -  V  +  C2  +  h<TR  -  T)  W 


For  the  quartz  lamp,  the  solution  at  x  =  0  is: 
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For  resistance  heating,  the  solution  at  x  =  0  is: 


A  +  T, 
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where 


Operation  procedures  for  the  semi-infinite  model  should  involve 
the  following: 

(1)  Laboratory  calibration  of  each  T/C  location  using  a  radiant  heat 
source  to  determine  KpC  from 


(2)  For  the  resistance  heating  case  only,  determine  the  constant  in 
Equation  4  using  the  procedures  outlined  for  the  1-D  thin  film 
resistance  heater. 

(3)  For  quartz  lamp  radiation  only,  determine  qrad  in  Equation  15  using 
procedures  outlined  for  the  1-D  thin  film  quartz  heater. 

(4)  With  no  model  heating,  the  tunnel  is  started  and  stabilized.  After 
the  model  has  come  to  near  thermal  equilibrium,  the  recovery 
temperature  is  measured  at  each  T/C  location.  At  time,  t>,  the  model 
is  irradiated  with  quartz  lamps  or  the  resistance  heater  is  turned  on, 
depending  on  the  heating  method.  The  transient  temperature  response 
is  recorded  by  each  T/C.  After  sufficient  data  has  been  recorded,  the 
test  is  terminated. 

(5)  Equations  15  or  16  are  used  with  the  above  data  to  determine  the 
convective  coefficients. 
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The  quartz  lamps  will  require  a  shutter  so  that  the  lamps  can  be 
turned  on  and  stablized  to  ensure  that  both  qrgd  in  Equation  15  is 
constant  and  the  time,  t,  can  be  precisely  measured. 


The  computer  code  of  Appendix  B  has  been  applied  to  the 
semi-infinite  sensor  to  estimate  the  accuracy  of  the  above  data  reduction 
equations.  The  model  was  Stycast  2762FT  epoxy  with  a  constantan  T/C  lead 
wire  and  nickel  plate  over  the  model's  surface.  Variables  in  the  analysis 
were  the  thickness  of  the  nickel  plate  and  the  diameter  of  the  T/C  lead 
wire.  The  code  was  applied  to  the  laboratory  calibration,  tunnel 
calibration  and  tunnel  test  conditions  to  evaluate  the  convective 
coefficient  measurement  error.  The  thermal  properties  were  obtained  from 
Appendix  B  to  this  report.  The  tunnel  conditions  and  incident  power  for 
lamp  heating  or  resistance  heating  were  the  same  as  those  used  in  the  1-D 
thin  skin  calculations.  The  results  of  the  calculations  are  summarized  in 
Table  4. 


Table  4.  Semi-Infinite  T/C  Sensor  Design  Analyses 


External  Heating 
Method 

Plate  Thickness 
(In) 

T/C  Diameter 
(In) 

Equation  15  or  16 
and  17  inferred 
Coefficient,  h 
(Btu/ffsec) 

Measurement 

Error 

£h/h 

Quartz  Lamp 

.003 

.003 

.01*00 

.01*3 

Quartz  Lamp 

O 

o 

V/l 

.003 

.0380 

.091 

Quartz  Lamp 

.003 

o 

o 

vn 

.0396 

.053 

Resistance 

.003 

.003 

.0400 

.01*3 
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In  performing  an  error  analysis  on  the  semi-infinite  model,  it 
was  found  that  the  dominate  error  in  the  evaluation  of  convective 

coefficient  was  the  temperature  mesurement  error  (equal  to  +4°R  for  T/C). 

2 

For  an  electrical  power  dissipation  of  5.0  Btu/ft  sec  for  the  tunnel 
condition  of  qcw  =  20  Btu  and  =  478. 8°R,  the  temperature  uncertainty 
induces  a  36%  error  in  the  convective  coefficient.  This  error  can  be 
reduced  by  extending  the  test  duration  (now  5  seconds)  or  increasing 
heater  power.  3oth  of  the  parameters  can  only  be  changed  to  a  limited 
extent.  That  is,  the  time  over  which  the  temperature  is  sampled  must 
satisfy  the  condition  that  the  model  is  a  semi-infinite  solid  and  the 
heater  power  is  limited  because  of  thermal  expansion  mismatches  between 
the  nickel  plate  and  epoxy  model. 

Because  of  the  expected  measurement  errors,  the  thermistor  or 
thin  film  resistor  is  recommended  instead  of  conventional  T/C.  The 
semi-infinite  model  with  the  thin  film  and  thermistor  are  described  in 
Paragraphs  3.5  and  3.8,  respectively. 

3.4  Wafer  Thermopile 

This  concept  can  be  used  with  either  internal  fluid  heating  or 
internal  resistance  heating.  For  both  methods,  the  model  instrumentation 
requirements  are  the  same  (e.g.,  number  of  sensors  and  T/C  lead  wires)  as 
are  the  procedures  for  sensor  installation. 

For  fluid  heating,  the  me.  entail  two  concentric  steel 
tubes  in  the  center  of  the  mode.  pc  <iit  i  <uid  inlet/exit  flow  passages. 
For  resistance  heating,  one  center  tube  will  be  required  for  insertion  of 
the  electrical  heating  element.  For  both  heating  methods,  model 
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fabrication  will  entail  bonding  wafer  thermopiles  to  the  external  surface 
of  the  outer  steel  tube  using  a  pad  of  epoxy  insulation  to  place  the  wafer 
close  to  the  eventual  model's  external  surface,  thus  minimizing  the 
thermal  "smearing"  that  occurs  in  the  relatively  high  thermal  conductivity 
steel  tube.  The  exact  radial  location  is  unimportant.  A  thin  film 
resitance  gage,  a  foil  T/C  or  a  conventional  T/C  is  then  waxed  on  the 
inside  surface  of  a  female  mold  contoured  to  the  final  model  shape.  These 
gages  are  located  ;v>  they  will  be  adjacent  to  a  corresponding  wafer  when 
the  steel  tube  is  inserted  into  the  female  mold.  The  surface  temperature 
gage  lead  wires  are  strain  relieved  by  epoxying  them  to  the  steel  tube. 
The  female  mold  is  then  filled  with  epoxy  (e.g.,  Stycast  2762FT)  and 
cured.  The  assembly  is  heated  to  release  the  wax  holding  the  temperature 
gages  to  the  female  mold  and  the  model  is  removed.  The  model  is  finally 
coated  with  a  thin  coat  of  epoxy  paint  and  ground  to  expose  the  surface 
temperature  gages.  This  coat  is  applied  to  remove  any  surface 
imperfections  caused  by  the  wax  which  was  used  to  mount  the  temperature 
gages. 

Wafer  thermopiles,  suitable  for  the  ogive-cylinder  model  are 
commercially  available  from  RdF,  Medtherm  or  Hy  Cal.  BLH  Electronics 
fabricates  thin  film  resistance  thermometers  and  foil  T/C  gages  that  can 
be  used  for  measuring  surface  temperatures. 

For  the  ogive-cylinder  design,  an  epoxy  wall  thickness  of 
approximately  0.15  inch  produces  a  reasonable  surface  temperature  and 
allows  sufficient  room  for  the  internal  heater  element  or  fluid  passages. 
The  wafer  thickness  is  relatively  unimportant  but  its  width  and  length 
will  dictate  the  spatial  resolution  in  which  surface  heating  distributions 
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can  be  measured.  To  be  comparable  with  the  1-D  thin  skin  sensor,  the 
width  and  length  should  be  less  than  0.2  inch.  Also,  the  wafer  thermal 
conductivity  should  be  near  that  of  the  epoxy  to  minimize  2-D  conduction 
effects . 

The  above  manufacturing  methods  should  not  influence  gage 
calibration  that  is  provided  by  the  vendor.  However,  to  ensure  that 
calibration  changes  did  not  occur,  the  laboratory  calibration  procedures 
outlined  for  the  1-D  thin  skin  gage  to  measure  electrical  heat  dissipation 
is  recommended  for  the  first  few  fabricated  models.  Typical  vendor 
calibration  involves  determining  the  sensor  constant,  K/L,  by  sandwiching 
the  wafer  between  two  conductors  and  passing  a  known  heat  flux,  Qcon* 
That  is 

^con  L  ^  (18) 

where  AT  is  the  temperature  differential  measured  by  the  thermopile.  In 
the  wind  tunnel,  the  convective  coefficient  is  evaluated  when  the  model 
has  reached  temperature  equilibrium  with  either  the  electrical  heater  in 
operation  or  hot  fluid  flowing  in  the  center  steel  tubes.  Data  reduction 
simply  involves 

£  AT  =  h(Tw  -  TR)  (19) 

where  K/L  is  the  gage  constant,  AT  is  the  thermopile  output,  Tw  is  the 
surface  temperature  as  measured  by  the  surface  gage  and  TR  is  the  recovery 
temperature. 
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Operating  procedures  for  the  thermopile  model  should  involve  the 

fol lowing : 

(1)  Laboratory  calibration  of  wafer  thermopiles,  if  necessary,  using 
procedures  outlined  in  1-D  thin  skin  resistance  heating  calibration. 

(2)  With  no  fluid  or  resistance  heating  in  the  model,  the  tunnel  is 
started  and  stabilized.  After  the  model  has  come  to  near  thermal 
equilibrium,  the  recovery  temperature  is  measured  at  each  surface 
temperature  gage  location.  Hot  fluid  is  then  circulated  through  the 
model  or  the  resistance  heater  turned  on  until  a  second  thermal 
equilibrium  is  reached.  At  this  time,  AT  and  are  measured.  The 
test  is  then  terminated. 

(3)  The  data  of  Step  2  is  then  used  in  Equation  19  to  evaluate  the 
convective  coefficient. 

An  error  analysis  was  performed  on  the  wafer  thermopile  using 

the  procedures  presented  for  the  1-D  thin  skin  sensor.  The  thermopile 

errors  were  estimated  as  follows: 

(1)  Vendor  calibration  of  the  constant,  K/L,  is  within  +3%  (Reference 
DM-35) . 

(2)  Surface  temperature  measurement  error  is  +4°R  due  to  EMF  output  of 
conventional  T/C  (Reference  0S-40). 

(3)  Surface  temperature  measurement  error  due  to  junction  occupying  a 
finite  indepth  volume  in  the  model  and  lead  wire  conduction  losses 
were  analyzed  by  the  computer  code.  For  a  junction  diameter  of  0.003 
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inch,  q  =20  Btu/ft  sec,  T  =  478°R  and  fluid  temperature  =  660°R, 

cw 

computer  results  show  that  measurement  error  is  _+4.2°R.  This  does  not 
apply  to  the  recovery  temperature  because  it  is  measured  when  there  is 
no  thermal  gradient  in  the  model. 

(4)  Thermopile  error  in  measuring  AT  will  depend  on  the  number  of  T/C 
junctions  and  the  thickness  and  conductivity  of  the  wafer.  Therefore, 
the  number  of  junctions  and  wafer  thickness  should  be  determined  by 
the  uncertainties  that  are  inherent  in  other  error  sources. 

Thermopiles  on  the  order  of  0.050  inch  thick  with  10  to  40  junctions 
are  common,  resulting  in  errors  that  are  lower  than  the  calibration 
error  in  Item  1.  Therefore,  it  was  assumed  as  a  worst-case  that  the 
thermopile  error  is  equal  to  the  3%  calibration  error. 

Using  the  above  error  estimates,  the  error  in  measuring  the 
convective  coefficient  is  jK)J0.  This  is  slightly  less  than  the  error 
estimated  for  the  1-0  thin  skin  sensor  with  T/C. 

3.5  Thin  Film  Resistor/Semi-Infinite  Solid 

The  thin  film  resistor  has  had  extensive  applications  in 
aerospace  (References  DM-4,  -35,  -36,  -41,  -53,  -63,  -70,  -88,  -95  and 
-109).  The  sensor  has  been  used  primarily  in  shock  tube  applications 
because  of  its  fast  '•esponse  times  (less  than  10  milliseconds  per 
Reference  DM-4). 
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The  thin  film  sensor  is  a  very  thin  temperature-sensitive 
resistance  film  deposited  on  an  insulating  substrate.  Application  of  the 
resistive  film  can  range  from  simple  painting,  epoxying,  flame  spraying, 
electroless  deposition  and  electroplating  to  the  methods  used  in  the 
manufacture  of  microelectronic  circuits:  vacuum  evaporation  and 
sputtering  (DM-63).  The  recent  advances  in  microelectronic  circuit 
manufacturing  have  made  it  possible  to  produce  a  thin  film  sensor  that  is 
cost- competitive  with  the  simple  methods  and  at  the  same  time  offers 
increased  reliability,  ruggedness  and  sensitivity.  Materials  that  are 
most  commonly  used  as  the  resistance  element  are  platinum,  nickel, 
aluminum,  gold  and  iridium.  The  substrate  is  typical ly  glass  or  quartz. 
The  sensor  can  be  ruggedized  by  the  deposition  of  an  SiO  coating.  The 
resistance  element  and  protective  coating  thickness  are  typically  400  and 
8000  A,  respectively  (DM-4). 

The  thin  film  sensor  can  be  used  in  the  cold  wind  tunnel 
application  to  measure  the  surface  temperature  of  the  model  under 
transient  and  steady-state  conditions.  Use  of  the  thin  film  in 
conjunction  with  the  wafer  thermopile  has  been  described  in  Paragraph  3.4. 

In  the  following  discussions,  the  thin  film  sensor  is  applied  to  measure 
the  surface  temperature  of  the  semi-infinite  model  with  the  model  heated 
by  (1)  self-heating,  (2)  quartz  lamp,  and  (3)  resistance  heating  of  the 
metallic  surface  plate. 

The  thin  film  has  been  applied  in  cold  wind  tunnels  wherein  the 
resistance  of  the  sensor  is  used  to  electrically  heat  the  sensor  and,  by 
conduction,  a  portion  of  the  model  (Reference  DM-53).  In  Reference  DM-53, 
the  thin  film  was  applied  to  a  quartz  plate.  A  voltage  was  applied  to  the 
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film  and  the  resulting  transient  temperature  response  was  used  to  infer 
convective  coefficient.  The  material  properties  and  the  "effective 
capacitance"  of  the  sensor  was  determined  analytically.  A  similar  approach 
was  investigated  using  the  computer  code  described  in  Appendix  B. 

The  self-heating  approach  that  was  analyzed  involved  the  use  of 

a  thin  film  to  measure  the  transient  surface  temperature  response  of  the 

semi-infinite  model  when  the  thin  film  was  heated  by  electrical  current. 

This  response  and,  therefore,  the  data  reduction  equation,  is  given  by 

Equation  16.  The  accuracy  of  using  Equation  16  to  infer  convective 

heating  will  depend  primarily  upon  the  ability  to  measure  the  constant 

KPC  of  the  model  and  the  degree  to  which  the  assumption  of  1-0  heat 

conduction  is  satisfied.  These  two  parameters  were  lumped  into  the  data 

reduction  technique  of  Reference  DM-53  by  defining  an  "effective 

capacitance."  In  the  case  at  hand,  a  calibration  test  is  recommended  to 

define  the  effective  pCK  .  This  calibration  simply  involves  measuring 

the  temperature  response  with  the  tunnel  off  and  using  Equation  16  to 

calculate  pCK  •  The  computer  code  was  applied  to  a  St yeast  2762FT  model 

(material  properties  presented  in  Appendix  B)  with  a  sensor  radius  of  0.05 

inches.  Electrical  dissipation  ws  modeled  by  Equation  4  with  =  -.0078 

2 

1/°R  and  r  =  2.5  Btu/ft  sec.  Tunnel  test  conditions  were  initial 
2 

temperature,  T0,  and  recover  temperature  both  equal  to  478. 8°R  and  qcw  = 

2 

20  Btu/ft  sec.  The  transient  temperature  responses  as  measured  by  the 
sensor  are  presented  in  Figure  8  for  both  the  calibration  and  tunnel 
conditions.  The  model's  surface  temperature  distribution  is  presented  in 
Figure  9.  The  sensor  measures  an  average  temperature  over  its  surface  and 
therefore  Figure  8  is  an  average  of  Figure  9  based  on  area.  Equation  16 
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DISTANCE  FROM  SENSOR  CENTERLINE  (INCHES) 


was  applied  to  the  calibration  predictions  of  Figure  8  to  estimate  the 
constant  pcK  .  Because  of  radial  heat  conduction,  the  constant  was  found 
to  be  highly  dependent  on  the  time  period  over  which  the  constant  was 
evaluated.  The  error  in  the  convective  coefficient  that  is  calculated 
using  the  effective  PCK  of  Equation  16  and  the  measured  temperatures  of 
Figure  8  are  presented  in  Table  5. 


Table  5.  Thin  Film  Sensor  Conduction  Errors  (Self-Heating) 


Calibration  Test 

Tunnel  Test 

Time 

Evaluated  /PCK 

Evaluated  h 

Error 

(sec) 

Btu/ft2-°R-sec1/2 

Btu/ft2sec 

V 

0.376 

0.00855 

0.049 

0.172 

1.000 

0.0125 

0.068 

0.627 

As  can  be  noted,  the  measured  error  is  significant  and  highly 
dependent  on  the  time  at  which  the  constant  and  convective  coefficient  is 
evaluated.  Although  some  optimization  can  be  made  in  qelect  ,  model 
material  properties  and  data  reduction  times,  the  conduction  error  should 
still  be  large.  Therefore,  self-heating  of  the  thin  film  sensor  is  not 
recommended . 

The  thin  film  sensor  heated  by  quartz  lamps  or  resistively 

heated  by  a  nickel  plate  applied  to  the  model's  surface  appears 

attractive.  These  heating  methods  eliminate  the  2-D  conduction-induced 
errors  inherent  in  the  self-heating  method.  The  operating  procedures  of 
the  thin  film  sensor  are  the  same  as  the  T/C  semi-infinite  solid 

(Paragraph  3.3).  The  error  sources  are  described  below.  The  noted  errors 
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are  eh/h . 

(1)  Laboratory  calibration  error  in  measuring  pc«  from  Equation  17  is 
+3%. 

(2)  Recovery  and  transient  surface  temperature  mesurement  error  is  +0.7°R 
(Reference  DM-95).  For  the  tunnel  conditions  that  were  used  in  the 
above  self-heating  calculation,  an  error  of  12.5%  in  the  convection 
coefficient  was  obtained  for  both  the  recovery  and  transient  surface 
temperature. 

(3)  The  calibration  of  electrical  dissipation  constants,  and  c2  of 

Equation  4,  is  3%  (Reference  DM-35).  Calibration  heat  losses  are 

estimated  to  be  4%. 

(4)  For  lamp  heating,  the  error  produced  by  free  convection  in  tunnel 
calibration  is  2%.  Error  produced  by  the  +0.7°R  uncertainty  in 
temperature  during  tunnel  calibration  is  4%.  Intensity  variation  in 
lamp  is  5%. 

The  above  error  sources  result  in  a  convective  coefficient  RSS 
error  of  18.6  and  19.1%  for  electrical  and  quartz  lamp  heating, 
respectively.  The  errors  can  be  reduced  to  some  extent  by  increasing  the 
heating  level. 

Model  fabrication  can  be  accomplished  in  two  ways.  One  method 
is  to  install  sensor  plugs  in  pre-dr i 1  led  holes  in  the  model.  Plugs 
similar  to  those  of  References  DM-88  and  -109,  which  are  commercially 
available  are  examples.  For  this  design,  electrical  heating  is  not 
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possible.  Another  method  is  to  cast  lead  wires  into  the  epoxy  model  and 
plate  the  surface  with  the  thin  film  elements.  A  similar  method  was  used 
in  Reference  DM-53. 

3.6  Semi-Infinite  Model,  Semiconductor  T/C 

This  type  of  T/C  sensor  was  designed,  fabricated  and  calibrated 
by  Reference  DM-22.  The  T/C  is  n-p  germanium  deposited  on  an  insulator. 
The  T/C  is  installed  in  a  probe  for  insertion  into  a  model.  Probe  sizes 
are  small  (.5  cm  long  x  .3  cm  diameter).  Relative  to  conventional  T/C, 
semiconductors  have  a  very  high  measurement  sensitivity,  2.0  mv/°C  (vs. 
0.061  mv/°C  for  chromel/constantan) .  Using  the  +4°R  temperature 
uncertainty  of  Reference  0S-40  for  conventional  T/C,  the  corresponding 
uncertainty  for  the  semiconductor  is  +0.1°R.  However,  Reference  DM-22 
found  that  the  EMF  generated  at  lead  wire  attachements  is  of  the  same 
order  as  the  n-p  junction  and  care  must  therefore  be  used  to  ensure  that 
the  lead  attachments  and  n-p  junction  are  isothermal. 

The  use  of  the  seminconductor  T/C  will  require  installation  of  a 
T/C  probe  assembly  in  the  model.  Commercially-available  semiconductor  T/C 
probes  could  not  be  found  at  this  time.  In  comparison  to  the  thermistor 
(Sensor  8  of  Table  1,  which  is  commercially  available),  the  semiconductor 
T/C  does  not  offer  any  significant  enhancement  in  sensitivity.  Also  the 
thermistor  is  compatible  with  the  fabrication  techniques  required  for 
plating  nickel  on  epoxy  models.  This  offers  greater  simplicity  in  model 
fabrication  than  does  the  discrete  plug  required  for  the  semiconductor 
T/C.  With  these  comparisons,  the  semiconductor  T/C  is  concluded  to  offer 
no  significant  advantage  over  the  thermistor.  The  semiconductor  is 
therefore  deleted  as  a  candidate. 
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3.7 


Semiconductor  Thermopile 


This  type  of  sensor  was  developed  by  Schutle  and  Kohl  (Reference 

DM-50).  The  sensor  uses  AgSbTe2  as  the  active  element  arranged  in  a 

45-element  thermopile.  The  sensor  resulted  in  a  measurement  sensitivity 

2 

of  225  mv  per  watt/cm  of  heat  flux  incident  on  the  surface.  This 
sensitivity  is  more  than  needed  for  the  application  at  hand.  A  sensor 
with  less  elements  and/or  less  sensitive  EMF  output  when  used  in 
conjunction  with  a  thermistor  for  measuring  surface  temperature  could 
result  in  a  very  accurate  method  for  measuring  recovery  temperatures  and 
convective  coefficients.  Therefore,  the  errors,  in  comparison  with  the 
wafer  thermopile  using  a  conventional  T/C,  would  essentially  be  (1) 
calibration  errors  (i.e.,  K/L  of  the  instrument),  (2)  surface  temperature 
measurement  errors  due  to  the  junction  occupying  a  finite  indepth  volume 
and  (3)  lead  wire  conduction  losses.  The  operational  procedures  for  the 
wafer  thermopile  using  conventional  T/C  (Sensor  4)  also  apply  to  the 
semiconductor  thermopile.  The  errors  for  the  semiconductor  sensor  in 
measuring  convective  coefficient  is  estimated  to  be  approximately  5%  based 
on  the  thermopile  error  analyses  (Paragraph  3.4). 

The  fabrication  procedures  outlined  for  the  wafer  thermopile 
using  conventional  T/C  also  apply  to  the  semiconductor.  Cost  differences 
can,  however,  certainly  be  expected  as  commercial ly-avai lable 
semiconductor  sensors  have  not  been  identified  at  the  present  time. 
Attempts  at  costing  the  device  are  made  in  Paragraph  4.0. 
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3.8 


Semi -Infinite  Model,  Thermistor 


Two  model  designs  have  been  selected  for  a  semi-infinite  model 
using  a  thermistor;  a  model  with  its  surface  nickel  plated  to  form  an 
electrical  resistance  heater,  and  a  simple  all-epoxy  model  (no  nickel 
plate)  that  is  externally  heated  by  quartz  lamps.  The  nickel-plated  model 
is  fabricated  in  the  same  manner  as  outlined  for  the  semi-infinite  model 
using  conventional  T/C.  The  quartz  lamp  model  is  simply  an  epoxy  model 
with  thermistor  beads  cast  in  the  surface.  Changes  in  thermistor  output 
are  between-  3  to  5%  per  °C,  depending  on  the  thermistor  materials.  A 
number  of  circuits  are  commercially  available  for  measuring  thermistor 
resistance  (DM-85  and  -112)  which  can  be  related  to  temperature  from 
vendor-supplied  calibration  curves.  Temperature  uncertainties  can  range 
from  jT).5°R  using  relatively  simple  circuits  to  less  than  +0.001°R  using 
complex  and  expensive  circuits  which  are  normally  restricted  to  a  narrow 
temperature  range. 

Although  the  thermistor,  relative  to  the  conventional  T/C, 
offers  greater  measurement  sensitivity,  the  large  volume  of  the  thermistor 
produces  another  error.  Since  the  semi-infinite  model  operates  on  the 
theory  of  transient  heat  conduction  (Equation  15  or  16),  the  finite  volume 
of  the  thermistor  causes  the  temperature  to  be  measured  somewhere  below 
the  surface  of  the  model.  The  error  will  depend  on  surface  temperature 
gradient,  bead  diameter  and  the  bead's  thermal  diffusivity  (K/pc) 
relative  to  the  thermal  diffusivity  of  the  surrounding  material.  The 
thermistor  bead  is  largely  ceramic  with  a  diffusivity  close  to  the  epoxy 
model.  Computer  calculations  were  performed  to  determine  the  thermistor's 
measured  temperature  and  the  actual  surface  temperature  of  the  model.  The 
results  are  shown  in  Figure  10.  For  comparison,  the  temperature  measured 
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by  a  conventional  T/C  embedded  in  a  0.003-inch  nickel  plate  is  also 
presented.  For  the  conditions  analyzed,  the  thermistor  temperature  is 
approximately  2°R  below  the  actual  surface  temperature,  compared  to  2.5°R 
for  the  T/C.  This  error  can  be  minimized  if,  during  model  calibration, 
the  model  thermal  response  is  close  to  the  response  that  occurs  in  the 

tunnel.  This  is  difficult  to  accomplish  and  therefore  the  thermistor 
error  must  be  considered  as  -2°R  for  the  condition  analyzed. 

Error  analyses  have  been  performed  on  the  thermistor  model  for 

the  conditions  of  Figure  10.  The  error  sources  are  as  follows: 

(1)  Laboratory  calibration  error  in  measuring  pC6  =  3%  (Reference  DM-35). 

(2)  Temperature  measurement  error  =  +0.5°R  using  a  relatively  simple 

recording  circuit  (Reference  DM-85).  This  applies  to  both  the 

recovery  and  instantaneous  surface  temperature.  The  resulting  error 
in  convective  coefficient  eh^  is  0.089  for  both  temperatures. 

(3)  The  error  induced  in  the  convective  coefficient  because  the  thermistor 

occupies  finite  volume  is  =  0.357  for  a  temperature  that  is  2°R 

below  the  actual  "undisturbed"  surface  temperature. 

(4)  Error  induced  by  thermistor  lead  wire  conduction  is  4.3%  per  Table  4. 

(5)  The  calibration  of  electrical  dissipation  constants,  and  of 

Equation  4  is  3%  in  measured  heat  flux  (Reference  DM-35)  and  heat 
losses  that  occur  during  calibration  are  estimated  to  be  4%. 
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Figure  10.  Semi-Infinite  Model  Surface  Temperature  Measurement 


The  above  error  sources  result  in  a  convective  coefficient  RSS 
error  of  38.5%.  This  is  considerably  higher  than  other  candidate  sensors. 
Although  the  error  can  be  reduced  by  using  a  smaller  thermistor  diameter 
or  increasing  electrical  heater  power,  the  resultant  improvement  in 
measurement  accuracy  is  not  expected  to  be  competitve  with  the  1-D  thin 
skin,  2-0  foil  or  wafer  thermopile. 

3.9  Pyroelectric 

Pyroelectric  sensors  operate  on  the  principle  that  the 
electrical  polarization  of  the  sensor  material  is  dependent  on  the  rate  of 
temperature  change  (DM-48).  This  feature  can  be  used  to  measure  heat  flux 
by  using  the  sensor  as  a  'slug'  calorimeter.  In  this  form,  the  sensor  is 
a  thin  slab  of  pyroelectric  material  (e.g.,  barium  titanate)  with 
electrodes  attached  to  both  sides.  A  change  in  temperature  causes  a 
change  in  polarization  which,  in  turn,  produces  a  change  in  electrical 
current.  This  change  can  be  related  to  the  incident  heat  transfer  if  both 
the  thermal  gradient  in  the  sensor  and  the  sensor  conduction  heat  losses 
are  smal  1 . 


The  sensor,  as  constructed  and  tested  in  Reference  DM-48,  was  a 
barium  titanate  disk,  0.10  inch  in  diameter  and  0.007  inch  thick.  A 
schematic  of  the  sensor  is  presented  in  Figure  11.  Of  the  pyroelectric 
materials  examined,  barium  titanate  was  found  to  have  maximum  signal 
output  per  unit  heat  transfer.  The  disk  was  mounted  on  a  nylon  plug  with 
epoxy  so  that  the  disk  was  insulated  from  the  adjacent  structure.  The 
sensor  sensitivity  in  this  configuration  was  approximately  150  mv/w  with  a 
response  time  of  between  3  and  5  milliseconds.  Calibration  tests 
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performed  on  the  sensor  resulted  in  nearly  a  linear  sensor  output  with 
incident  heat  flux.  Data  acquired  in  tunnel  tests  showed  no  evidence  of 
piezoelectric  effects.  Reasonable  agreement  between  T/C  and  ferroelectric 
inferred  heat  transfer  rates  were  achieved. 

As  noted,  the  measurement  accuracy  of  the  sensor  developed  in 

Reference  DM-48,  depends  on  the  sensor  temperature  gradient,  conduction 

losses  and  the  incident  surface  heat  flux.  In  their  application,  the 

measurement  times  were  short  and  the  incident  heat  flux  was  essentially 

independent  of  surface  temperature.  For  cold  wind  tunnels,  these 

conditions  are  not  entirely  true.  That  is,  the  incident  heat  flux  is 

dependent  on  surface  temperature  because  the  recovery  temperture  is 

relatively  close  to  the  ambient  temperature.  To  use  a  pyroelectric  sensor 

plug,  similar  to  that  developed  in  Reference  DM-48,  in  cold  wind  tunnels, 

the  model  must  be  heated  with  external  quartz  lamps  (i.e.,  resistive 

heating  of  the  surface  cannot  be  accomplished  because  of  the  sensor 

plugs).  External  lamp  heating  is  limited  to  lamp  and  optical  collimation 
2 

(~5.0  Btu/ft  sec  on  the  model)  and  therefore  the  test  duration  must  be 
longer  than  that  encountered  in  impulse  tunnels.  To  evaluate  the  sensor 
errors  in  cold  wind  tunnels,  the  computer  code  in  Appendix  B  was  applied 
to# the  Reference  DM-48  design. 

In  the  pyroelectric  sensor  analyses,  the  material  properties 
presented  in  Appendix  B  were  used.  The  barium  titanate  wafer  was  assumed 
to  be  epoxied  to  the  nylon  plug  using  a  low  thermal  conductivity  cement  in 
order  to  minimize  conduction  losses  (Epoxy  1095  of  Appendix  B).  To  use 
the  sensor  data  in  defining  the  convective  coefficient.  Equation  2  must  be 
satisfied  where  the  constant, pC5  >  is  determined  from  laboratory 
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calibration  tests  using  Equation  1.  Computer  simulation  of  the  laboratory 
tests  were  performed  using  a  radiant  heat  source.  The  computer  results 
confirmed  the  calibration  test  data  of  Reference  DM-48  in  that  the  sensor 
output  was  very  nearly  a  linear  function  of  the  heat  source  intensity. 
The  constant , pC6  ,  as  measured  in  the  laboratory  is,  however,  a  function 
of  the  time  from  which  the  model  is  exposed  to  the  radiant  heat  source. 
This  is  a  consequence  of  conduction  heat  losses  to  adjacent  sensor 
structure.  The  constant  is  presented  in  Figure  11  as  a  function  of  the 
time  from  the  start  of  model  heating.  Because  the  constant  is 
time-dependent,  a  problem  arises  as  to  what  value  should  be  used  in 
reducing  the  cold  wind  tunnel  data.  To  minimize  this  problem,  Equation  1 
was  modified  to  include  a  lumped  conduction  term.  The  modified  equation 
is : 

\ad  =  Pc63T  +  c3<t-to>  (20) 

where  the  constant,  pC6  ,  is  evaluated  at  an  early  time  from  the  start  of 
model  heating  so  that  heat  conduction  losses  are  a  minimum.  Constant  C3 
is  evaluated  at  a  radiation  heat  load  that  produces  approximately  the  same 
dT/dt  at  the  same  time  as  those  measured  in  the  actual  tunnel  test.  This 
ensures  that  heat  conduction  rates  (i.e.,  temperature  gradients)  are 
similar. 


The  computer  code  was  then  applied  to  a  tunnel  condition  with 
2 

Wcw  =  20  Btu/ft  sec,  recover  and  initial  temperature  were  both  equal  to 

2 

478.8  R°and  q  =5.0  Btu/ft  sec.  The  convective  coefficient  was 
rad 

inferred  from 


h(Tr  -  T)  +  q 


rad 


=  pcs£*c3  (T-To) 


(21 ) 
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using  the  sensor  constants,  pc§  and  C^,  that  were  evaluated  from 
laboratory  calibration.  The  error  was  found  to  be  a  function  of  the  time 
at  which  both  the  constants  of  Equation  20  and  the  convective  coefficient 
are  evaluated.  The  error  in  convective  coefficient  is  presented  in  Figure 
12  as  a  function  of  time  from  the  start  of  lamp  heating.  Also  included  in 
the  figure  is  the  sensor  temperature  rate  of  change  error  which  was 
assumed  to  be  jH°R/sec.  The  resulting  error  is  a  function  of  time.  It 
should  be  noted  that  due  to  the  nonlinearity  of  conduction  losses  and  the 
change  in  temperature  rate  of  change,  the  sensor  measurement  error  could 
possibly  be  reduced  if  a  computer  simulation  of  the  sensor  is  used  to 
reduce  the  data.  This  simulation  will  require  sensor  dimensions  and 
material  properties  to  model  the  laboratory  cal ibrations  and  tunnel  tests. 
The  accuracy  and  cost  to  perform  this  type  of  data  reduction  will  require 
laboratory  evaluation. 

Since  surface  temperature  cannot  be  measured  with  the 
pyroelectric  sensor,  a  thermistor,  T/C  or  thin  film  gage  will  be  required. 
This  gage  should  not  be  placed  over  the  pyroelectric  device  because  of 
possible  thermal  isolation  resulting  from  the  gage  and  electrical 
insulation  required  between  the  gage  and  the  conductive  surface  of  the 
pyroelectric  sensor.  Therefore,  the  temperature  gage  should  be  placed 
adjacent  to  the  sensors,  either  laterally  displaced  on  the  surface  or  on 
the  sensor's  backface.  Both  locations  will  induce  an  error.  From  the 
computer  simulation  of  the  above  tunnel  conditions,  the  temperature 
gradient  across  the  pyroelectric  sensor  is  between  2  and  5°R,  depending  on 
the  time  from  the  start  of  model  irradiation.  This  gradient  and  the  error 
in  backface  temperature  measurement  can  be  estimated  in  the  actual 
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CONDITIONS:  qcw  =  20  BTU/FT  SEC 
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Figure  12.  Dependence  of  Convective  Error  on  Time  of  Data  Reduction 


application  by  computer  simulation  with  the  resulting  error  estimated  co 
be  0.5  to  1°R  due  to  uncertainties  in  material  properties  and  thickness. 
Placing  the  gage  on  the  surface  will  produce  errors  resulting  from  (1) 
spatial  variations  in  convective  heating,  (2)  variations  in  radiation 
heating  resulting  from  emissivity  differences,  and  (3)  internal 
conduction.  These  errors  can  be  significant  because,  for  example,  the 
surface  temperature  of  the  epoxy  model  and  pyroelectric  device  at  the 
above  tunnel  conditions  is  predicted  to  differ  by  10  to  20°R,  depending  on 
the  time  from  model  heating.  Therefore,  a  backface  temperature  sensor  is 
recommended.  A  thin  film  resistor  similar  to  those  commercially  available 
from  BLH  is  recommended. 

The  error  analysis  that  was  applied  to  the  pyroelectric  sensor 
is  summarized  below. 

(1)  Errors  due  to  sensor  temperature  gradients,  sensor  conduction  losses 
and  temperature  rate  of  change  produce  a  convective  coefficient  error 
of  8.7%  based  on  the  results  of  Figure  12.  It  should  be  noted  that 
the  actual  error  will  be  larger  than  this  because  of  uncertainties  in 
the  computer  simulations  that  are  used  to  generate  data  similar  to 
that  presented  in  Figure  12. 

(2)  Laboratory  cal ibration  error  of  sensor  constants  is  +3%  (Reference 
DM-35),  plus  a  1%  error  resulting  from  the  +0°R/sec  measurement  error. 

(3)  Uncertainty  in  the  incident  radiation  from  the  quartz  lamps  is  5% 
(Oriel  Optics),  and  heat  losses  during  tunnel  calibrtaion  (e.g.,  free 
convection)  are  approximately  2%. 
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(4)  Uncertainty  in  surface  temperature  was  assumed  to  be  +0.5°R  due  to  the 
error  in  estimating  temperature  gradient  (does  not  apply  to  recovery 
temperature  because  of  steady-state)  across  the  pyroelectric  sensor 
and  +0.7°R  for  the  thin  film  measurement  uncertainty  (Reference 
DM-95).  These  error  sources  produce  an  RSS  uncertainty  in  convective 
coefficient  of  1.5%  for  the  instantaneous  surface  temperature  and  1.2% 
for  recovery  temperature.  These  errors  apply  to  the  condition  of 
minimum  error  as  presented  in  Figure  12. 

The  above  error  sources  result  in  a  convective  coefficient  RSS 
error  of  10.9%. 

The  sensor  plug  as  constructed  in  Reference  DM-48  is  also 
recommended  for  the  cold  wind  tunnel  model.  The  sensor  design  is 
presented  in  Figure  11.  Electrical  connections  to  the  conductive  surfaces 
of  the  pyroelectric  sensor  are  made  with  conductive  paint.  Experience 
with  similar  contacts  on  similar  crystals  (e.g.,  the  piezoelectric 
crystals  of  Reference  DM-113)  have  shown  that  these  connections  are 
extremely  fragile.  Also,  as  pointed  out  in  Reference  DM-48,  fabrication 
of  the  pyroelectric  wafer  was  difficult  because  of  the  brittleness  of  the 
pyroelectric  crystal.  The  sensor  can  therefore  be  expected  to  be 
susceptible  to  structure  loading. 

Operation  of  the  pyroelectric  sensor  should  involve  the 

following  procedures. 

(1)  Determination  of  wafer  thickness  and  diameter  during  fabrication  for 
use  in  computer  data  reduction. 
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(2)  Laboratory  calibration  of  each  sensor  to  determine  the  constants  in 
Equation  20. 

(3)  With  the  tunnel  nonoperating,  calibrate  the  incident  model  heat  flux 
at  each  sensor  location  as  produced  by  the  quartz  lamps. 

(4)  With  the  tunnel  operating  and  stabilized,  measure  recovery  temperature 
with  the  backface  temperature  gages.  Turn  on  the  quartz  lamps  and 
monitor  the  outputs  from  both  the  temperature  gages  (T  )  and 
pyroelectric  devices  (dT/dt). 

(5)  Use  the  above  data  in  a  computer  simulation  of  the  gage  to  evaluate 
the  convective  coefficient. 

3.10  Liquid  Crystals 

Liquid  crystals  are  crystals  in  an  anisotropic  fluid  solution 
that  are  capable  of  reflecting  light  selectively.  The  wave  band  of  the 
reflected  light  is  temperature-dependent.  This  property  has  been  used  to 
measure  surface  temperature  and  has  the  unique  characteristic  of  not 
requiring  direct  contact  with  the  surface.  Liquid  crystals  have  been  usee' 
in  wind  tunnel  applications  (References  DM-53,  TS-1,  -11,  -18,  -19,  and 
M-69a)  and  in  RF  fields  (References  TS-38  and  OS-33)  where  metallic  lead 
wires  cannot  be  used.  In  wind  tunnel  applications,  the  liquid  crystals 
are  encapsulated  to  prevent  smearing  by  the  interaction  of  the  gas  shear 
stress.  The  encapsulated  liquid  crystals  (ELC)  are  commercially  available 
(e.g.,  NCR  and  BOH  Chemicals,  Ltd.)  to  measure  temperatures  over  a 
particular  temperature  range.  Outside  the  temperature  range,  they  are 
colorless.  The  active  temperature  range  can  be  as  small  as  1^1  or  can  be 


-59- 


made  as  wide  as  90°c  by  mixing  a  number  of  different  crystals  together. 
The  crystals  are  completely  reversible,  however  a  small  amount  of 
hyptersis  has  been  reported  (Reference  TS-38). 

Cholesteric  encapsulated  liquid  crystals,  when  irradiated  with 
white  light,  reflect  light  with  a  wavelength  that  is 
temperature-dependent.  The  reflected  light  is,  however,  only  a  small  part 
of  the  total  light.  Therefore,  to  observe  the  reflected  light,  the  model 
must  absorb  the  remaining  light.  This  is  done  by  giving  the  model  surface 
a  diffuse  black  color  to  which  the  ELC  are  applied. 

An  important  feature  of  the  ELC  is  that  only  the  wavelength  of 
the  reflected  light  needs  to  be  measured  to  infer  temperature.  The 
reflected  wavelength  can  be  measured  directly  by  using  a  monochromator  or 
recorded  on  photographic  film.  The  film  can  then  be  processed  at  a  later 
time  and  reviewed  visually  or  optically  using  a  monochromator  to  infer 
temperature.  Since  the  reflected  wavelength  is  independent  of  the 
intensity  or  brightness  of  both  the  incident  and  reflected  light,  the 
measurement  is  not  influenced  by  the  illumination  conditions,  properties 
of  the  film  or  the  conditions  in  which  the  film  is  developed  (factors  that 
can  be  important  for  the  thermal  phosphors,  Sensor  11).  The  physical 
relationship  between  the  light  source,  model  surface  and  the  recorder 
(monochromator  or  color  film)  must  satisfy  the  law  of  specular  reflection. 
Thus,  model  curvature  must  be  considered  in  placing  the  light  source  and 
recorder.  Multiple  light  sources  can  be  used  with  one  recorder  to 
encompass  large  areas  of  a  curved  model.  Model  curvature,  however,  does 
not  produce  an  error  in  the  inferred  temperature,  like  it  can  for  the 
thermal  phosphors  (Sensor  11)  and  the  IR  scanner  (Sensor  12). 
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Temperature  measurement  resolutions  between  0.2  to  1.0°R  are 
reported  in  wind  tunnel  applications  (References  OS-33,  M-69a  and  TS-38) 
which  depend  largely  on  the  procedures  used  to  reduce  the  photographic 
film.  The  time  required  for  the  crystals  to  respond  to  a  change  in 
temperature  is  dependent  on  the  crystal  thermal  mass  and  the  time  required 
for  the  crystals  to  resign  themselves  molecularly.  Crystal  realignment 
is  quoted  to  be  less  than  0.1  second  (References  M-69a  and  TS-29).  For 
the  10  to  15  / urn  paint  thickness  used  in  Reference  TS-18,  the  ELC  was  found 
to  follow  temperature  steps  greater  than  36°R/second.  This  is  well  within 
the  10  to  20°R/second  temperature  changes  that  are  predicted  for  the 
tunnel  models  operating  for  times  greater  than  1.0  second  after  model 
heating . 


ELC  has  been  applied  to  wind  tunnel  models  using  both  the  1-D 
thin  skin  and  semi-infinite  solid  calorimeter  approaches  (References  M-69a 
and  TS-18,  respectively).  Reference  TS-18  instrumented  the  thin  skin 
model  with  thermocouples  to  evaluate  the  accuracy  of  the  ELC  to  infer 
convective  coefficients.  The  results  are  reproduced  in  Figure  13,  where 
it  can  be  seen  that  the  ELC  and  thermocouple  results  are  in  excellent 
agreement . 


ELC  can  be  used  to  measure  temperature  over  a  large  area  of  a 
model.  The  area  is  dependent  on  the  recorders's  field  of  view  and  the 
ability  of  the  model's  surface  to  ref  lect  light  to  the  recorder  (i.e., 
model  curvature  effects).  Spatial  resolution  of  the  temperature  field 
will  depend  on  recorder  optics,  the  size  of  the  photograph  to  be  used  in 
data  reduction,  and  the  procedures  used  to  measure  the  wave  band  of  the 
reflected  light.  For  cold  wind  tunnel  applications,  it  is  recommended 
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that  the  calibration  and  data  reduction  techniques  of  Reference  TS-18  be 
used.  These  techniques  include  laboratory  calibration  of  the  ELC  model  to 
determine  wavelength  vs.  temperature.  A  monochromator  is  used  to  compare 
the  calibration  photographs  with  the  tunnel  test  photographs  to  infer 
model  temperature.  This  is  accomplished  by  passing  white  light  through 
the  calibration  photograph  that  was  produced  at  temperature,  T  .  The 
monochromator  wavelength  is  varied  until  maximum  output  is  achieved.  With 
the  monochromator  at  this  fixed  setting,  the  tunnel  test  photograph  is 
scanned  with  the  white  light  source.  The  locations  where  transmission  is 
measured  correspond  to  T^.  Thus,  by  scanning  the  photograph,  the  T^ 
isotherms  can  be  defined. 

Use  of  the  ELC  in  cold  wind  tunnels  to  measure  convective 
coefficients  can  involve  the  transient  semi-infinite  solid  (Equation  16) 
transient  thin  skin  (Equation  2),  or  quasi -sceady  thin  skin  (Equation  3). 
These  concepts  are  described  below. 

Since  it  is  desirable  to  measure  the  coefficients  over  a  large 
part  of  the  model  using  a  single  photograph,  temperature  variations  due  to 
indepth  conduction  are  undesirable.  Thus,  the  thin  skin  model  should  be  a 
thin  shell  thermally  isolated  from  the  internal  structure.  The  thin  skin 
model  design  of  Paragraph  3.1  would  result  in  temperature  gradients,  and 
is  therefore  not  recommended.  The  electroforming  techniques  of  Reference 
OS-46  have  been  successfully  used  to  make  thin  nickel  shells  very  similar 
to  the  ogive-cylinder  shape  of  the  current  program  (Reference  TS-18).  The 
shell  is  supported  by  an  internal  structure  using  insulator  pads.  This 
approach  is  also  recommended  for  cold  wind  tunnel  applications.  Chromel 
wires  can  be  welded  to  the  inside  surface  to  provide  T/C  verification  of 
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the  ELC  data.  A  model  design  for  the  thin  skin  model  could  not  be  devised 
wherein  the  thin  shell  is  resistively  heated.  Therefore,  the  thin  skin 
model  must  be  heated  with  external  quartz  lamps.  The  quartz  lamps  will 
also  serve  as  the  white  light  source  for  ELC  reflection.  The  lamps  and 
corresponding  movie  camera(s)  are  placed  outside  the  tunnel  and  physically 
located  to  ensure  specular  reflection  off  the  model  surface  and  to 
minimize  direct  radiation  from  the  lamps  to  the  camera.  As  pointed  out  in 
References  TS-11  and  M-69a,  problems  can  arise  from  the  small  amount  of 
reflection  that  is  scattered  and  reflected  off  the  tunnel  windows  and 
other  tunnel  hardware.  This  can  be  solved  by  proper  lamp-camera  placement 
and  window  design  modifications.  In  Reference  M-69a,  a  special  window  had 
to  be  designed  to  minimize  the  "light  curtain"  produced  by  the  light 
source. 


Applying  the  ELC  on  the  model  surface  can  be  performed  using  the 
procedures  of  Reference  TS-18.  This  involved  electrical ly  plating  black 
chrome  on  the  nickel  surface  to  absorb  the  light  that  is  not  reflected  by 
the  ELC.  before  application  of  the  crystals,  the  ELC  slurry  was  filtered 
through  an  8  /jm  filter  ana  lowered  in  concentration  by  adding  80%  water 
heated  to  590°R.  The  ELC  mixture  is  applied  to  the  surface  using  a 
standard  air  brush.  An  ELC  thickness  of  15  jum  was  found  to  be 
satisfactory. 

Calibration  of  the  model  involves  determination  of  the 
temperature  vs.  wavelength  relationship  for  the  ELC  coating.  This  can  be 
achieved  by  using  the  actual  model  or  painted  copper  disk,  instrumented 
with,  tor  example,  a  thermistor.  heat  load  is  then  applied  to  the 
sample  in  incremental  steps.  After  a  given  heat  load  is  applied,  the 
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model  is  allowed  to  equilibrate.  The  model  is  photographed  at  the  noted 
temperature.  Data  reduction  of  the  tunnel  test  films  (taken  by  a  still 
camera  or  a  movie  camera)  involves  the  procedures  of  Reference  TS-18  as 
outlined  above. 

As  noted  in  Reference  TS-18,  data  reduction  could  be  simplified 
if  a  color  TV-camera  and  the  appropriate  color  processing  electronics  were 
used  instead  of  the  photographic  film  and  monochromator.  This  would 
eliminate  the  monochromator  data  reduction  procedure  at  the  sacrifice  of 
time  response.  Investigations  using  the  TV-camera  were  not  performed  in 
the  present  program,  however,  they  are  recommended  for  further 
investigation  should  ELC  be  selected  as  a  candidate  system. 

The  operation  procedures  of  the  ELC  applied  to  a  thin  skin  model 
should  involve  the  following: 

(1)  Calibrate  the  ELC  to  determine  the  wavelength  vs.  temperature 

relationship.  This  can  be  performed  in  the  laboratory  or  test  tunnel 

(with  the  flow  off)  and  is  accomplished  by  heating  the  model  to 

different  steady-state  temperature  levels,  recording  the  T/C  output 

and  taking  a  photograph  of  the  model. 

{?.)  Determine  the  constant  pCK  in  the  laboratory  by  using  a  radiant  heat 
source  and  Equation  1. 

(3)  Determine  the  incident  radiation  heat  flux  on  the  model  in  the  tunnel 
with  no  flow.  This  is  perfomed  by  irradiating  the  model  with  the 
quart/  lamp  and  photographing  the  model  with  high-speed  cameras 
(temperature  can  also  be  measured  with  thermistors  or  thin  film). 


(4)  After  calibration,  the  tunnel  is  started  and  allowed  to  equilibrate. 
The  model  is  photographed  to  determine  recovery  temperature.  The 
lamps  are  turned  on  and  the  model  is  photographed  (high-speed  movie 
cameras)  until  quasi-steady-state  is  reached. 

(5)  Data  reduction  involves  using  the  Step  1  calibration  film  in 
conjunction  with  the  measured  PCK  ,  the  lamp  calibration  and  tunnel 
test  data  to  determine  model  surface  temperature  distributions. 
Equation  1  is  used  to  determine  model  radiant  heating.  Equation  2  or 
3  is  used  to  determine  convective  coefficient. 

an  unknown  in  the  quartz  lamp  heating  approach  is  the  ability  to 

sufficiently  eliminate  light  .energy  that  is  not  selectively  reflected  by 

the  LLC  to  the  camera.  The  radiation  energy  required  to  heat  the  model 

2 

during  tunnel  test  (approximately  2.5  Btu/ft  sec)  is  significant,  and 
reflections  off  the  model  (black  but  with  an  emissivity  less  than  ?.0), 
tunnel  walls  and  tunnel  window  can  obscure  the  reflected  energy.  Quartz 
lamp  heating  is  not  recommended  without  experimental  evaluation. 

The  ELC  applied  to  a  thermally  semi-infinite  model  can  be  heated 
electrically.  Model  fabrication  can  follow  the  procedures  outlined  in 
Paragraph  3.3  for  the  semi-infinite  model  with  conventional  T/C.  Like  the 
thin  skin  moaels,  thermistors  or  thin  film  sensors  in  the  nickel  plate  are 
recommended  to  provide  backup  or  verification  to  the  ELC  method.  The 
nickel  is  plated  with  black  chrome  and  painted  with  ELC  using  procedures 
described  above  for  the  thin  skin.  Operation  procedures  for  the  sensor 
are  the  same  as  for  Sensor  3  (see  Paragraph  3.3)  except  calibration  oi  the 
liquid  crystal  is  required  as  described  in  Step  1  above.  Th* ■  proceeures 
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are  as  fol lows : 


(1)  Laboratory  calibration  using  a  radiant  heat  source  to  determine  KPC 
from  Equation  17. 

(2)  For  the  resistance  heater,  determine  the  constant  in  Equation  4  using 
the  procedures  outlined  for  the  1-D  thin  film  resistance  heater 
(Paragraph  3.1) . 

(3)  Same  as  Step  1  above  for  the  thin  skin  design. 

(4)  With  no  model  heating,  the  tunnel  is  ^started  and  stabilized.  After 

tne  model  has  come  to  near  thermal  equilibrium,  the  model  is 
pnotographed  to  determine  recovery  temperature.  At  time,  t0  ,  the 
resistance  heater  is  turned  on.  The  model  is  photographed  (high-speed 
cameras)  to  determine  transient  temperature  response.  After 

sufficient  data  has  been  recorded,  the  test  is  terminated. 

(5)  Equation  16  is  used  with  the  above  data  to  determine  the  convective 
coefficients. 

An  error  analysis  was  applied  to  the  ELC.  For  the  resistance 
heating  design,  an  error  is  induced  by  the  thin  nickel  plate  that  is  used 
to  electr i ;al 1 y  heat  the  surface.  The  data  reduction  procedures  use 
Equation  16  to  infer  the  convective  coefficient.  This  equation  was 

derived  assuming  1-U  heat  transfer  in  a  single  material.  The  nickel  plate 
introduces  a  second  material  and,  because  of  its  relatively  high  thermal 
conuuctivity,  can  "smear"  the  surface  tempertaure  distribution  produced  by 
a  convective  coefficient  gradient  over  the  surface.  These  errors  were 
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evaluated  using  the  computer  code  of  Appendix  B.  The  geometries  that  were 

analyzed  were  an  epoxy  model  with  a  nickel  plate  thickness  of  0.003  and 

0.0015  inches.  The  tunnel  conditions  were  the  convective  heating 

gradients  presented  in  Figure  2.  The  region  analyzed  is  indicated  in  the 

figure.  The  recovery  temperature  and  initial  temperature  were  both 

478. 8°R.  The  results  of  the  analyses  are  presented  in  Table  6  for  1)  an 

al 1 -epoxy  model  with  1-D  and  2-D  conduction,  and  2)  an  epoxy  model  with 

0.003  inch  of  nickel  with  1-D  and  2-D  conduction.  The  temperature  at  a 

node  witn  q  ,  =  24.6  Btu/ft  sec  is  presented  in  the  table, 
xw 


Table  6.  Effect  of  2-0  Condition  on  Semi-Infinite 
Solid  Surface  Temperature  Response 


Time 

(sec) 

Surface  Temperature  (°R) 

All -Epoxy 
Model , 

1-D 

All -Epoxy 
Model , 

2-D 

Epoxy  Model 
0.003  Nickel , 
1-0 

Epoxy  Model 
0.003  Nickel, 

2-0 

0.0 

478.75 

478.75 

478.75 

478.75 

0.254 

492.96 

493.01 

490.32 

490.22 

0.502 

496.69 

496.67 

494.49 

494.47 

1.005 

500.67 

500.68 

499.16 

499.15 

2.003 

504.69 

504.68 

503.78 

503.77 

As  can  be  seen  from  the  1-D  and  2-D  nickel /epoxy  results,  the 
temperature  "smearing"  produced  by  the  nickel  plate  is  negligible.  The 
nickel /epoxy  produces  a  surface  temperature  that  is  lower  than  the 
all-epoxy  model  because  of  its  higher  KpC  constant.  The  error  induced  in 
the  convective  coefficient  was  evaluated  by  computer  simulations  of  the 
laboratory  calibration  test.  Step  1  and  the  tunnel  test,  Step  4,  ii.  the 
above  operational  procedures.  The  temperatures  predicted  by  the  computer 
were  used  in  Equation  17  to  determine  pCK  and  Equation  16  to  calculate 
the  convective  coefficient.  The  conditions  were  the  same  as  those  used  to 
generate  the  data  ot  Taole  6.  The  results  are  presented  in  Table  /  fir  an 
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all-epoxy  model,  and  nickel/epoxy  models  with  0.0015  and  0.(K  3  inch  of 
nickel  plate  on  the  surface. 


Table  7.  Convective  Coefficient  Error  Induced  by 
NicKel  Plate  on  Semi-Infinite  Solid 


Model 

Desian 

T„  at.  1. 00  sec 

in  Lab  Calibration 

(°R) 

PCK  from 
Equation  1 7 

T,  at  1.00  sec 

w 

in  Tunnel  Test 
(°R) 

Convective  Coefficient 
Error 

Vh 

A1 1- Epoxy 

567.66 

0.00561 

500.68 

0.0 

0.003"  N;ckel 
on  Epoxy 

562.56 

0.00752 

499.15 

0.117 

0.0015"  Nickel 
on  Epoxy 

566.01 

0.00615 

500.04 

0.047 

The  e  ror  sources  f c r  the  ELC  and  their  resulting  uncertainty  on 
.,e  cunveci  ‘vt  r.eft'cnnt  re  pre'  nted  below  tor  both  lamp  and 
1,  ct'-ical  h.  ,g  .civil,.  !.,  temper  are  uvasuren  ‘  error  vas  a  unifo 

0  |,.  aQ,i;c  .  Inis  is  tie  resolution  stated  for  me  ELC  of  References 

'l-o9a  and  TS-ld  when  a  monochroi.iator  is  useo  in  the  data  reduction  effort. 

(1)  ror  th.  >esistance  heating  method  (semi-infinite  solid),  ' "<■ 

temper ai.ure  measurement  resolution  in  jKJ.k°R  produces  an  error  in  the 
convective  coefficient  of  3.6 1- .  This  applies  to  both  recovery 

re.npei'eiure  ano  instantaneous  surface  temperature. 

(x;  far  the  lamp  neating  rnettiod  (1-D  thin  skin)  operating  hi 

Muusi- steady-state,  trie  temperature  measurement  resolution  of  ^().?°R 
produces  an  error  of  0.4*  on  the  convective  coefficient.  Operating  in 
tin  transient  condition,  me  error  is  3,'v*. 

!„)  calibration  of  pih  tor  the  resistance  heater  arid  pt6  tor  the  thin 
smn  are  bum  3.0a  (weference  OM-ob). 


(4)  Calibration  of  the  ELC  wavelength  vs.  temperature  will  be  greater 

than  the  0.2°R  ELC  measurement  resolution  because  temperature  must  be 
measured  by  another  device  (e.g.,  T/C,  thermistor,  etc.).  Linder 
laboratory  conditions,  temperatures  using  a  thermistor  can  be  easily 
measured  to  within  +0.2°R.  Therefore,  assume  overall  calibration 
error  is  +0.4°R.  For  resistance  heating,  the  error  in  convective 
coefficient  is  7.1%  for  both  the  recovery  and  instantaneous  surface 
temperature.  This  error  for  lamp  heating  is  0.8%  and  6.0%  for 

steady-state  and  transient  measurements,  respectively. 

(5)  For  electrical  heating,  calibration  of  the  heat  dissipation  is  3.0% 
for  the  measurement  of  heat  flux  and  4%  for  heat  losses  that  occur 
during  calibration. 

t. b )  For  lamp  heating,  tne  tunnel  calibration  for  a  temperature  uncertainty 
of  +U.2°R  produces  an  error  of  1.0%  in  convective  coefficient. 
Intensity  variation  in  the  lamp  is  5%  (Oriel  Optics). 

(/)  for  resistance  heating,  the  nickel  surface  plate  produces  an  error  of 
4 ./%  (Table  7). 

The  RSS  errors  for  the  candidate  heating  and  data  reduction 
methods  are  presented  in  Table  6.  Quartz  lamp  heating  with  the 
steady-state,  thin  skin  data  reduction  method  produces  a  very  low 
measurement  error.  As  has  been  pointed  out,  the  large  amount  of  radiant 
energy  needed  to  heat  the  model  with  lamps  may  interact  with  the 
photographic  process,  so  the  reflected  energy  off  the  ELC  cannot  be 
identified  (e.g.,  similar  to  overexposure  of  the  film).  This  will  depend 
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3.11 


Thermal  Phosphors 


Thermal  phosphors  are  a  class  of  material  that  emit  visual 

energy  while  being  activated  by  a  different  waveband  of  energy. 

Typically,  the  activating  energy  is  lower  in  wavelength  than  the  emitted 

energy.  At  a  constant  level  of  incident  energy,  the  emitted  energy  level 

is  a  function  of  the  phosphor  temperature.  This  property  has  been  used  to 
measure  temperature  fields  over  a  moael's  surface  by  the  application  of  a 
thermal  phosphor  paint  (Reference  TS-6,  -7,  -29,  OS-33  and  M-88).  In 

these  applications,  the  thermal  phosphor  was  irradiated  with  an 
ultra-violet  source  and  the  resulting  brightness  of  emitting  radiation 
recorded  ori  photographic  film. 

Important  parameters  that  can  influence  the  measurement  accuracy 
of  the  thermal  phosphor  technique  include  the  following: 

(1)  Sensitivity  ana  calibration  of  the  phosphor, 

(2)  Absolute  intensity  of  activating  energy, 

(3)  honumtorin  activation  energy  over  the  model, 

(4)  Model  curvature  effects,  and 

(5)  Variations  in  film  optical  density  resulting  from  either  film  quality, 
ptiotographic  recording  arid/or  film  processing. 

Tin  errors  resulting  from  these  parameters  will  depend  on  the 
thermal  phosphor  and  metnod  used  to  process  and  reduce  the  data,  (me 
nn-thod  that  was  developed  by  Reference  TS-6  and  further  improved  on  by 


Reference  TS-29  involved  taking  a  pretest  photograph  of  the  illuminated 
model.  The  photograph  is  then  used  in  conjunction  with  the  test 
photographs  to  determine  relative  intensity  changes.  The  relative  changes 
are  related  to  local  heat  transfer  by  the  correlation  of  intensity  to  the 
heat  transfer  rate  measured  by  discrete  sensors  on  the  model  surface.  The 
effects  of  film  variablity,  nonuniform  illumination,  and  model  curvature 
are  nearly  eliminated.  This  requires,  however,  that  the  activation 
energy,  film  quality  and  film  processing  for  the  pretest  and  during  test 
conditions  are  the  same. 

The  thermal  phosphors  that  were  used  in  References  TS-6  and 
TS-29  werp  supplied  by  U.S.  Radium  Corporation  under  the  trade  name  of 
Radelin.  [here  are  a  nimber  of  kadelin  phosphors  that,  are  available,  each 
differing  in  the  temperature  range  over  which  they  are  active.  Radelin 
180/  and  3215  have  an  active  temperature  range  of  470  to  570°R  and  500  to 
770°R,  respectively.  Data  reduction  was  performed  by  scanning  the  pretest 
and  test  photographies  with  an  isodensitometer.  Time  responses  of  less 
than  1  millisecond  are  reported  (Reference  TS-2°).  Temperature 
uncertainty  was  within  4°R  (References  TS-6  and  TS-29). 

A  second,  and  apparently  more  accurate  method  of  using  thermal 
phosphors,  was  developed  by  Reference  OS-33.  The  method  involves  the  use 
of  two  thermal  phosphors  that  differ  in  the  spectral  distribution  of  their 
emitted  energy  (two-color  phosphor).  If  the  emitted  radiation  from  the 
two  phosphors  are  spectrally  separated  and  individually  detected,  the 
ratio  of  the  two  intensities  can.  be  related  to  temperature.  If  the 
activating  energy  does  not  saturate  the  pnosphors,  then  temperature 
measurement  is  independent  of  the  activating  energy,  recording  film  and 


model  curvature.  The  thermal  phosphors  of  Reference  OS-33  were  rare-earth 
types  and  were  selected  for  a  particular  temperature  range.  Gd^SiEu, 
for  example,  is  active  between  480  and  670^.  Data  analysis  of  the  two 
phosphors  can  be  accomplished  using  a  data  recorder  similar  to  that 
developed  by  Reference  OS-33.  This  recorder  divides  the  emitted  energy 
with  a  beam  splitter  into  two  beams  that  are  then  passed  through 
interference  filters  to  isolate  the  wavelengths  of  interest.  The  filtered 
beams  are  focussed  on  silicon  photodiode  detectors.  The  ratio  of  the  two 
signals  can  then  be  related  to  temperature  by  prior  calibration.  A 
measurement  accuracy  of  +0.2°R  is  reported  for  a  one-second  measurement 
time  (Reference  OS-33).  This  recorder  is,  in  essence,  a  two-color 
monochromator  which  can  scan  either  (1)  the  model  during  actual  tests,  or 
(2)  color  photographs  taken  of  the  model  during  test.  Because  of  the  long 
measurement  interval,  a  scan  of  photographs  taken  during  model  testing  is 
recommended  for  cold  wind  tunnel  applications. 

The  application  of  the  thermal  phosphor  technique  to  cold  wind 
tunnels  is  very  similar  to  the  liquid  crystal  technique  (Paragraph  3.10) 
except  that  model  heating  by  external  lamps  is  most  likely  to  be 
impossible.  Because  the  intensity  of  radiation  emitted  by  the  phosphor  is 
to  be  measured,  irradiating  the  model  with  quartz  lamps  will  make  the 
detection  of  emitted  radiation  difficult.  Prior  experience  has  found  that 
satisfactory  temperature  resolution  is  achieved  if  the  activating  energy 
is  filtered  so  that  only  UV  energy  is  incident  on  the  model  (References 
TS-b,  -29  and  M-b8).  Lamps  are  not  available  commercially  that,  when 
filtered,  produce  the  UV  energy  nepded  in  cold  wind  tunnels  to  result  in  a 
significant  temperature  change.  Therefore,  model  heating  must  be 
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accomplished  by  resistively  heating  a  metallic  film  plated  on  the  surface. 

The  semi-infinite  model  design,  operational  techniques  and  the 
data  reduction  equations  presented  in  Paragraph  3.10  also  apply  to  thermal 
phosphors.  The  lamp  used  to  illuminate  the  liquid  crystal  model  is 
filtered  so  that  only  UV  energy  is  incident  upon  the  model  surface.  The 
two-color  phosphor  approach,  described  above,  is  recommended  in  order  to 
eliminate  errors  induced  by  variations  in  UV  energy,  recording  film  and 
model  curvature.  The  camera  used  to  measure  the  wavelength  of  energy 
reflected  by  the  liquid  crystals  is  used  to  measure  the  intensity  of 
energy  emitted  by  the  phosphors.  A  monochromator  or  a  recorder  similar  to 
that  of  Reference  OS-33  is  used  to  scan  the  test  photographs  to  determine 
the  relative  intensities  of  the  two  phosphors.  Laboratory  calibration 
tests  are  performed  to  relate  the  relative  intensity  to  temperature. 

The  temperture  measurement  accuracy,  +0.?  R° quoted  by  Reference 
OS-33.  is  the  same  as  that  reported  for  liquid  crystals.  Since 
calibration  of  the  two  techniques  are  similar  and  the  model  design  and 
data  reduction  equations  are  the  same,  the  measurement  error  of  the 
thermal  phosphor  should  be  similar  to  the  error  presented  in  Table  8. 
Therefore,  an  error  in  the  convective  coefficient  of  approximately  13.5# 
is  to  be  expected  for  the  thermal  phosphor  technique.  It.  should  be  noted 
that  relative  to  liquid  crystals,  the  thermal  phosphor  technique  can 
induce  an  err or  associated  with  photographic  coverage.  For  the  liqu’l 
crystal,  the  reflected  wavelength  is  related  to  temperature  and  variations 
in  film  quality  or  film  processing  are  not  likely  to  influence  this 
measurement.  Fur  the  thermal  phosphor,  however,  the  ratio  of  intensities 
t  ui'  the  two  phosphors  is  relited  t>>  t  •  an  per  at  ur’t 
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the  photographic 


films  used  in  calibration  and/or  test  cause  differences  in  the  relative 
intensity  because  of,  for  example,  optical  density,  then  an  error  will 
result.  It  cannot  be  determined  with  the  data  available  if  this  error  is 
important.  Also,  the  calibration  tests  that  are  used  to  determine  the 
relatively  intensity  versus  temperature  must  use  the  tunnel  viewing 
windows.  These  windows  are  a  source  of  attenuation  which  is  most  likely 
wavelength-dependent . 

3.12  IR  Scanner 

The  spatial  temperature  distribution  over  a  surface  may  be 
determined  by  scanning  the  emitted  infrared  (IR)  radiation  (References 
US-23,  -32,  -39,  -40,  -43,  -44,  and  M- 116).  A  wide  variety  of  systems 
based  on  this  principle  have  been  developed  and  used  to  measure  convective 
coefficients  in  aerodynamic  tunnels  (References  US-40,  -44  and  M- 116). 
Such  thermal  imaging  systems  have  been  in  operuuion  for  many  years  and 
their  development  has  continued  at  a  steady  pace  because  of  their  military 
and  industrial  applications.  When  these  IR  imaging  sytems  are  linked  with 
analog-to-digital  converters  and  to  advanced  computer  hardware  and 
software,  a  powerful  instrument  is  created  that  is  capable  of 
quantitat ive ly  computing,  evaluating,  and  displaying  temperature  and  heat 
transfer  data.  Pioneering  work  in  the  application  of  such  a  system  has 
been  underway  at  AEOC  by  the  Von  Karmen  Facilities  (VKF)  staff  since  1974. 

A  comprehensive  description  of  their  system  is  presented  in  Reference 
0S-40.  This  type  of  system  combines  the  obvious  advantages  of  thermal 
mapping  with  the  quantitative  ability  and  automated  data  reduction  of 
discrete  gages. 


I 


The  IR  systems  that  have  been  used  in  aerodynamic  tunnels  are  IR 
scanners.  The  scanner  is  an  IR  radiometer  that  focuses  a  small  area  of 
the  tunnel  model  on  to,  typically,  one  detector.  The  detector  scans  the 
model  by  the  use  of  mirrors  that  are  mechanically  varied  so  as  to  produce 
a  point -by-point,  line-by-line  image  of  the  object  viewed.  The  AGA  680  IR 
scanner  used  by  AEOC  (Reference  0S-40)  produces  an  image  composed  of  70 
lines  with  110  points  per  line.  The  7700-point  matrix  is  scanned  16  times 
a  second. 


The  IR  detector  elements  are  designed  to  be  sensitive  in  the  3 
to  5  micron  wavelength  range,  a  "window"  in  which  the  atmosphere  has  low 
absorptance.  In  qeneral ,  detectors  must  be  cooled  to  cryogenic 
temperatures  to  achieve  high  sensitivity.  Detectors  can  be  made  capable 
of  resolving  temperature  differences  as  small  as  0.01°C,  although  0.?°C  is 
a  value  quoted  for  faster  scanners.  Infrared  detectors  of  thermal 
radiation  do  not  have  an  absolute  DC  response  because  they  are  affected  by 
their  own  temperature  and  radiation  from  within  the  radiometer.  The 
solution  to  the  problem  involves  the  use  of  a  reference  temperature  source 
of  known  temperature  and  emissivity.  Uncertainties  in  these  values  acid  to 
the  uricertamt ies  in  the  measured  temperatures. 

There  are  two  basic  areas  of  uncertainty  in  an  IR  heat  transfer 
measurement  system:  uncertainties  in  the  surface  temperature  measurement 
itself  and  uncertainties  in  converting  the  surface  temperature  measurement, 
mtu  a  neat  transfer  coefficient.  The  primary  parameters  in  the 
r.empf'rutut  c  measurement  system  are  the  ful  lowing: 

•  Scanner  calibration  constants 
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•  Scanner  measurement  repeatability 

$  Reference  temperature 

c  Reference  target  emissivity 

•  Model  emissivity 

•  Tunnel  window  transmittance  factor 

For  the  AEOC  sc  inner,  the  above  system  parameters  result  in 
uncertainties  in  local  surface  temperature  of  from  1%  to  2.5%  of  the 
absolute  value  as  shown  in  Figure  14.  Figure  14  was  reproduced  from 
Reference  0S-40.  As  can  be  seen,  at  the  recovery  temperatures  expected  in 
the  cold  wind  tunnel  (480  to  530  deq  R),  a  measurement  error  of  up  to  1? 
degrees  R  can  be  expected  with  the  IR  scanner.  To  minimize  the  effect  of 

this  error  on  convective  coefficient,  it  is  recommended  that  discrete 

surface  temperature  measurements  be  made  using  thermistors  (or  T/C)  embedded 
in  the  model.  The  thermistor  temperatures  are  used  to  measure  model 

temperatures  when  the  model  is  in  an  isothermal  condition,  thus  minimizing 
the  error  induced  by  the  thermistor  bead.  Paragraph  3.8. 

Once  the  surface  temperature  history  has  been  determined,  the 
second  problem  is  to  convert  this  into  a  heat  transfer  coefficient 

distribution.  This  requires  a  knowledge  of  the  thermophysical  properties 
of  the  model  surface  material,  and  an  analysis  method  to  account  for  heat 
conduction  away  from  t fie  surface.  The  simplest  and  best  analytical  model 
is  a  one-dimensional,  semi-inf imte  solid.  If  the  surface  material  has  a 
sufficiently  low  thermal  diffusivity  (i.e.,  is  a  good  insulator)  and  is 
thick  enough,  the  bacuface  temperature  will  remain  constant  durino  the 
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test.  The  importance  of  two-dimensional,  or  lateral,  heat  conduction  will 
depend  on  the  heat  transfer  distribution  over  the  model  surface  and  the 
thermal  properties  of  the  model  material.  The  semi-infinite  solid  with  a 
resisti vely-heated  metallic  plate  on  the  surface  is  recommended.  This 
model  design  is  the  same  as  the  design  described  for  the  liquid  crystal. 
Quartz  lamps  could  possibly  be  used,  but  filtering wi  1 1  be  required  so  that 
energy  in  the  IR  scanner  waveband  is  not  reflected  off  the  model  causing  a 
background  in  the  energy  emitted  by  the  model  itself.  The  lamps  ana 
filters  appear  to  be  more  complex  than  the  resistance  heater  design  and 
therefore  are  not  recommended  for  further  study. 

Other  major  areas  of  concern  with  IR  scanning  systems  are  the 
spatial  resolution  of  large  temperature  gradients,  correlation  of  the 
temperature  matrix  data  to  specific  locations  on  the  model  and  the  tunnel 
window.  Experimentation  with  the  AEDC  system  has  shown  that  a  steep 
temperature  change  gets  "smeared"  over  a  0.3-  to  0.6-inch  wide  band,  and 
that  a  hot  spot  must  be  about  3/8  inch  in  diameter  before  the  measured 
temperature  resonse  approaches  the  hot  spot  temperature.  The  temperature 
resolution  limitations  arise  from  the  fact  that  although  the  scan 
identifies  "points"  that  are  close  together  (30  to  50  mils  apart),  each 
point  is  assigned  the  average  temperature  of  a  spot  approximately  o.  i  im-ii 
in  diameter.  Trie  other  problem  of  relating  matrix  locations  with  actual 
model  locations  usually  is  approached  by  providing  physical  "markers"  at 
known  locations  on  the  model  which  are  visible  on  the  thermal  image.  In 
this  way,  the  "geometric  coordinates"  of  each  matrix  point  can  be 
estimated . 
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It  should  be  noted  that  the  above  spatial  resolution  of  3/S- inch  is 
applicable  to  the  AEDC  system  and  is  dependent  on  the  data  averaging 
technique,  scanner  spot  size,  and  the  physical  size  of  the  facility  and 
model  under  investigation. 

The  tunnel  window  separates  the  scanner  from  the  flow 
environment.  It  must  withstand  the  internal  tunnel  pressures  and  transmit 
IR  energy  in  the  appropriate  wavelengths.  Typical  window  materials 
include  germanium,  magnesium  fluoride,  and  magnesium  oxide.  AEDC  has 
reporteo  (Reference  0S-40)  difficulties  with  their  IRTRAN-2  material 
involving  changes  in  transmittance  due  to  surface  contamination  and/or 
moisture  absorption.  This  has  required  in-tunnel  calibration  with 
black-body  sources  just  prior  to  testing. 

A  tilock  diagram  of  the  AEDC  system  is  shown  in  Figure  15.  Once 
the  tunnel  data  and  thermal  data  reside  in  the  mam  computer  (a  DEC-10,  in 
this  case),  it  can  be  processed  in  any  number  of  ways  to  apply  corrections 
and  to  prepare  it  for  display  in  printed  or  plotted  formats.  A  ten-color 
video  monitor  photograph  from  the  system  is  presented  in  Figure  lb.  The 
pictures  show  the  temperature  contours  on  a  6-degree  sharp  cone  in  AEDC 
Tunnel  B.  The  silicone  rubber  model  has  a  cylindrical  rod  protrudinq  from 
the  surface,  and  is  shown  with  both  laminar  and  turbulent  approach  flow. 

The  material  constant,  K  PC  of  Equation  16,  can  be  evaluated  by 
laboratory  caliuration  from  Equation  17  or  by  the  selection  of  materials  and 
fabrication  proredu  “s  that  result  in  a  KPC  constant  that  can  be  determined 
from  handc  ;ok  mutTial  property  data.  The  design  selected  for  the  IR  scanner 
and  othei  instrumentation  concepts  using  the  sem i -inf in i te  approach  uses 
i-'.istam-  h.  i’ mg  of  trim  ceta’lic  strips  platan  over  trie  epoxy  mode  i  .  n\ 
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Figure  15.  Block  Diagram  of  AEDC  IR  Sensor  System 


noted,  this  approacn  requires  some  laboratory  investigation  to  determine 
cost  effectiveness  and  accurate  fabrication  procedures.  Also,  the  resulting 
model  should  at  least  initially  undergo  laboratory  calibration  to  determine 
the  constant  KPC  which  is  an  effective  value  for  the  composite  model. 

The  operational  procedures  of  the  IR  scanner  in  cold  wind 
tunnels  are  similar  to  those  presented  in  Paragraph  3.10  for  liquid 
crystals  and  are  as  follows. 

(1)  Laboratory  calibration  using  a  radiant  heat  source  to  determine  the 
material  constant,  KpC,  from  Equation  17. 

(2)  Laboratory  calibration  of  the  resistance  heater  to  determine  the 
constants  of  Equation  4  using  the  procedure  outlined  in  Paragraph  2.1. 

(3)  Pretest  tunnel  calibration  with  a  black  body  source  to  determine 
window  transmittance. 

(4)  The  following  temperatures  inferred  by  the  scanner  are  defined  as 
“apparent  temperature"  because  corrections  have  not  been  made  for 
surface  emissivity,  model  curvature,  and  transmittance  of  the  tunnel 
window.  With  the  tunnel  nonoperating,  scan  the  model  to  determine  the 
apparent  initial  temperature,  T0.  Measure  the  model  temperature  with 
a  discrete  device  (i.e.,  thermistor).  Turn  the  heater  power  on  and 
scan  the  model  to  determine  the  apparent  temperature,  T0,  at  Lime  - 

ll- 

(5)  With  the  tunnel  operating  and  stabilized,  allow  the  model  tc  reach  a 
thermal  equilibrium  (approximately  30  seconds).  Scan  the  model  to 
determine  the  apparent  recovery  temperature,  T  .  At  the  same  time, 

K 

recora  the  thermistor  measurements  of  the  actual  recovery  temperature 
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at  discrete  points.  Turn  the  heater  on  and  scan  the  model  after 
approximately  3  seconds  to  measure  the  apparent  temperature,  Tw,  at 
the  time,  t^.  Terminate  the  test. 

(6)  Post-test  tunnel  calibration  with  a  black  body  source  to  determine 
window  transmittance. 

The  IR  scanner  data  using  the  computer  techniques  of,  for 
example.  Reference  0S-40,  can  then  be  used  to  determine  the  apparent 
temperature  as  a  function  of  model  position  for  the  above  four  model  scans 
(two  scans  each  in  Steps  5  and  6).  The  thermistor  temperatures  are  used 
to  denote  local  recovery  temperature.  Recovery  temperature  distributions 
over  the  model  are  determined  by  using  the  IR  scanner  temperature  field  to 
extrapolate  between  thermistors .  The  apparent  temperatures,  T0  and  Tu, 
measured  in  Step  5  and  the  constants  measured  in  Steps  1  and  2  are  used  in 
Equation  16  to  determine  the  area  over  the  model  surface  that  apparent 
temperature  can  be  used  to  infer  convective  coefficient.  That  is,  those 
areas  of  the  model  in  which  nonlinear  effects  occur  due  to  optical 
properties  of  the  model  and  tunnel  window.  The  apparent  temperatures 
measured  in  Step  5  are  then  used  in  Equation  16  to  infer  the  convectivp 
coeff ic ients . 

The  recommended  data  reduction  technique  "normalizes"  some  of 
the  major  variables  in  the  tunnel  test  out  of  the  problem.  The  model 
Surface  emissivity,  model  curvature,  window  transmittance  and  some  of  the 
scanner  optical  properties  are  of  secondary  importance.  What  is  important 
is  that  they  are  constant  in  the  pretest  and  during  test  scans.  The 
convective  coefficient  is  determined  as  the  "uifference"  in  response  to 
identical  eptic  conditions  and  heat  dissipation  with  the  tunnel  flow  on 
and  oft  . 
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The  error  sources  for  the  IR  scanner  and  their  uncertainty  on 
the  convective  coefficient  are  as  follows.  Recovery  temperature 
measurement  error  is  +0.5°R  using  the  thermistor  data  and  a  relatively 
simple  recording  circuit.  If  the  IR  scanner  is  used  to  infer  temperature 
without  benefit  of  the  thermistor,  the  resulting  error  would  be  +12°R, 
which  is  unreasonable.  The  +_0.5°R  thermistor  error  produces  a  convective 
coefficient  error  of  8.9%. 

The  scanner  temperature  measurement  error  or  transient  wall 
temperature,  T^  of  Equation  16,  is  _+6°R  (1%  of  absolute  value  per  Figure 
14;.  The  corresponding  error  on  convective  coefficient  is  greater  than 
36%  (see  Paragraph  8.3).  This  error  is  not  competitive  with  the  errors  of 
other  sensor  candidates  and,  therefore,  the  IR  scanner  is  not  recommended 
tor  cold  wind  tunnels.  It  should  be  noted  that  IR  scanners  provide  very 
good  measurement  accuracies  in  hot  wind  tunnels  where  the  surface 
temperature  is  relatively  high  compared  to  ambient  or  initial  model 
cond i t ions  . 


3.13  Phase  Change  Paints 

Phase  change  paints  have  been  extensively  used  in  ground  test 
facilities  to  infer  convective  heating  (References  TS-41  and  M-88).  In 
its  usual  form,  a  thin  coating  of  the  paint  is  applied  to  a 
thermal ly-thick  model  ( i . e . ,  semi-infinite).  The  coating  undergoes  a 
visible  phase  change  at  a  known  temperture.  The  precise  time  at  which  the 
change  occurs  is  determined  as  a  function  of  model  surface  location  from 
an  examination  of  movie  film.  The  convective  coefficient  is  then 
determined  from  the  1-D  semi -inf inite  conduction  equations  (Equation  16 
tor  radiation  heating  and  Equation  16  for  resistance  heating). 
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Reference  M-88  reports  that,  relative  to  thermal  phosphors, 
discrete  2-Li  foil  gages  and  IR  scanning,  the  phase  change  paint  technique 
provided  the  most  definitive  convective  coefficient  distribution.  They 
attributed  this  to  higher  resolution  provided  by  the  paint  technique  in 
their  application.  The  interpretation  of  the  surface  temperature  is 
approximately  +0.5  percent  of  the  paint  rated  value  (Reference  M-88).  Since 
the  phase  change  paint  is  not  reversible,  the  model  must  be  stripped  anc 
repainted  between  tests. 

Reference  M-125  indicates  that  the  quality  and  usefulness  of  paint 
inferred  convective  coefficients  is  inferior  to  the  IR  scanner.  It  is  noted 
that  the  phase  change  paints  suffer  from  problems  associated  with  selecting 
the  proper  paint  change  temperture.  That  is,  the  change  must  not  occur  too 
early  in  the  test  to  cause  large  time  measurement  errors,  nor  too  late  when 
the  temperature  change  is  relatively  small.  Also,  acquiring  data  in  low 
heating  gradient  situations  induces  large  errors  because  the  change  is  not 
distinct.  In  large  heating  gradient  situations,  as  were  evidently  inherent 
in  Reference  M-88,  problems  arise  with  centering  the  phase  change  at  a  time 
that  results  in  acceptable  error,  thus  indicating  multiple  paints.  Multiple 
paints  are  undesirable  because  the  surface  temperature  response  can  be 
effected  and  data  reduction/correlation  become  difficult. 
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In  cold  wind  tunnel  applications,  phase  change  paints  can  be 
used  to  infer  convective  heating,  provided  the  recovery  temperature  is 
determined  by  other  means  (e.g.,  surface  thermistors  and  T/C).  That  is, 
phase  change  paints  cannot  be  used  for  measuring  temperatures  below 
ambient  which  can  be  the  case  in  cold  wind  tunnels.  Therefore,  the 
semi-infinite  model  design  of  Paragraph  3.3  or  3.8  can  be  used,  which 
employs  surface  T/C  or  thermistors,  respectively.  The  model  can  be  heated 
either  resistively  or  radiatively.  Phase  change  paints  are 
commercial ly-avail able  (e.g.,  TEMPILAQ)  with  a  wide  selection  of  the 
temperature-sensitive  value.  Aerosol  paints  can  be  used  to  apply  a  thin 
coating  to  the  model's  surface. 

The  operational  procedures  of  the  phase  change  paint  are  as 

follows : 

(1)  Laboratory  calibration  using  a  radiant  heat  source  to  determine  the 
material  constant,  KpC,  from  Equation  17. 

(2)  For  the  resistively  heated  model,  laboratory  calibration  of  the 
resistance  heater  to  determine  the  constants  of  Equation  4  using  the 
procedure  outlined  in  Paragraph  3.1. 

(3)  For  the  radiati vely-heated  model,  tunnel  calibration  of  the  incident 
radiant  heat  flux  using  the  time  of  phase  change  as  determined  by 
movie  coverage  in  Equation  17. 

(4)  With  tunnel  flow,  the  .aodel  is  allowed  to  reach  thermal  equilibrium. 
Record  thermistor  (or  T/C)  measurements  of  tne  recovery  temperature  at 
discrete  points.  Heating  by  the  resistor  or  lamps  is  initiated  and 
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the  model  is  photographed  with  high-speed  film. 

Data  reduction  involves  determination  of  the  time  at  which  phase 
change  occurs  at  specific  locations  on  the  model.  ''his  time,  the 
temperature  rating  of  the  paint,  the  measured  recovery  temperature  and  the 
heating  constants  are  used  in  Equation  15  or  16  to  determine  the 
convective  coefficient. 

The  error  sources  for  the  phase  change  paint  and  their  resulting 
uncertainty  on  the  convective  coefficient  are  presented  below.  The 
parameters  that  were  used  in  the  error  analysis  include  q  =20 

2CW 

Btu/ttSec,  T  =  478. 8°R,  nominal  q  ,  =  2.5  Btu/ft  sec,  and  nickel 

'r  Helect 

plate  thickness  =  0.002  inch. 

(1)  The  temperature  measurement  error  of  the  paint  is  +3°R  (0.5%  of 

absolute  per  Reference  M-88)  and  produces  a  convective  coefficient 
error  of  30. 5%. 

(2)  The  temperature  measurement  error  of  the  thermistor  is  +0.5%  which 

measures  tne  recovery  temperature  y  (also  equal  to  initial 

R 

temperature  y  ).  The  corresponding  error  in  convective  coefficient 
o 

is  8.9%. 

(3)  Calibration  of  p CK  and  its  implication  on  convective  coefficient  is 
3.0%  (Reference  DM-35). 

(4)  For  electrical  heating,  calibration  of  the  heat  dissipation  is  3.0% 
tor  the  measurement  of  heat  flux  and  4%  for  heat  losses  that  occur 
during  calibration. 
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(5)  For  lamp  heating,  the  +3°R  uncertainty  in  paint  temperature 

measurement  causes  a  4.3%  error  in  incident  heating  and  a  similar 
error  in  convective  coefficient. 

(6)  For  resistance  heating,  the  nickel  surface  plate  produces  an  error  of 
4.7%  (Paragraph  3.10) . 

(7)  Uncertainty  in  time  at  which  phase  change  is  noted  is  assumed  to  be  0.1 
second  (Reference  M-88).  The  corresponding  errors  in  radiation 
heating  and  convective  coefficient  are  1.6  and  4.6%,  respectively. 

The  RSS  errors  for  resistance  and  radiation  heating  methods  are 
33.0  and  32.9%,  respectively.  These  errors  are  large  relative  to  other 
candidate  sensor  techniques  and,  therefore,  quantitative  convective 

coefficients  are  not  recommended.  Because  of  the  relative  low  cost  of 
phase  change  paints,  the  model  coated  with  the  paint  and  tested  to 
determine  critical  areas  for  discrete  sensor  placement  is,  however, 
recommended.  Reference  M-109  indicates  that  the  use  of  paints  in  research 
blowdown  facilities  may  be  acceptable,  but  their  use  in  production 
facilities  is  not  encouraged. 
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SENSOR  COMPARISON 


Sensor  comparisons  are  made  using  the  sensor  descriptions 
presented  in  Paragraph  3.0  as  a  basis.  The  sensors  are  compared  on 
technical  merit  and  costs  in  the  following  paragraphs. 

4.1  Technical  Comparison 

The  technical  aspects  of  each  candidate  sensor  are  compared  and 
rated  in  Table  9.  The  comparison  parameters  basically  follow  those 
derived  from  Reference  DM-89.  A  weighting  factor  based  on  the  objectives 
in  the  cold  wind  tunnel  application  was  applied  to  each  parameter.  These 
objectives  were  to  measure  with  sufficient  accuracy  the  recovery 
temperature  and  convective  heat  transfer  coefficients  on  an  ogive  cylinder 
at  variable  angle-of-attack  and,  at  the  same  time,  minimize  (1)  the 
complexity  of  model/sensor  fabrication,  (2)  the  complexity  of  data 
acquisition/data  reduction  and  (3)  facility  requirements.  As  can  be  noted 
in  the  table,  the  parameters  are  weighted  from  1  to  5,  with  the  convective 
coefficient  measurement  error  given  the  highest  weight  factor. 

The  rating  in  Table  9  was  based  largely  on  conjecture  using 
library  reviews,  computer  simulations  and  general  experience  in  the  areas 
of  instrumentation  design,  model/sensor  fabrication  and  data  acquisition. 
The  rating  criteria  was  based  from  1  to  10,  with  10  being  excellent  or 
simple  and  1  being  poor  or  very  difficult.  The  grading  value  vs. 
cunvective  coefficient  error  that  was  used  in  the  table  is  presented  in 
Figure  1/. 
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The  wafer  thermopile  (Sensor  4)  has  the  highest  rating  (0.5). 
The  2-0  foil  (Sensor  2),  liquid  crystals  (Sensor  10),  thermal  phosphor 
(Sensor  11)  and  phase  change  paint  (Sensor  13)  are  all  rated  very  close  to 
8.0.  In  comparison,  the  baseline  sensor,  1-D  thin  skin,  has  a  rating  of 
7.3.  The  key  features  of  each  sensor  and  their  comparison  to  other 
competing  sensors  are  summarized  below. 

The  thin  skin,  Sensor  1,  has  the  advantage  over  most  other 
sensors  of  being  capable  of  operating  at  steady-state  conditions.  This 
eliminates  the  requirement  for  measuring  transient  temperature  responses 
and,  provided  conduction  losses  are  tolerable,  the  convective  coefficient 
and  recovery  temperatures  are  independent  of  material  properties  and  model 
design.  The  model  does  require  external  heating,  ei  her  with  external 
quartz  lamps  or  by  the  resistai.ee  heating  of  a  thin  meta  lie  film  plated 
on  the  model ' s  surface . 

The  2-D  foil,  Sensor  2,  has  the  advantage  of  being  capable  of 
operating  at  steady-state  conditions,  but  relative  to  the  thin  skin,  has 
the  added  advantage  of  being  heated  internally  by  a  fluid  or  an  electrical 
heater  element.  These  heating  methods  (minimize  the  requirements  on  tunnel 
operation  (e.g.,  placement  of  quartz  lamps)  or  model  fabrication  (e.g., 
plating  a  resistance  metallic  film).  The  measured  convective  coefficient 
is  a  function  of  material  thermal  conductivity  and  sensor  design. 

The  semi-infinite  solid  with  conventional  T/C,  Sensor  3,  offers 
the  advantage  of  not  requiring  holes  in  the  model,  as  do  the  thin  skin  and 
2-U  foil.  Therefore,  more  measurement  locations  are  possible  over  the 
model's  surface.  Convective  coefficient  is  calculated  from  the  measured 
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transient  surface  temperature  and,  therefore,  convective  coefficient  is 
critically  dependent  on  the  uncertainty  in  the  temperature  measurement. 
The  temperature  uncertainty  (^4°R)  induces  a  relatively  large  error  on  the 
convective  coefficient.  The  semi-infinite  solid  is  heated  externally  in 
the  same  manner  as  the  thin  skin. 

The  wafer  thermopile,  Sensor  4,  is  similar  to  the  2-D  foil  in 
that  it  can  operate  under  steady-state  conditions  and  can  be  heated 
internally  by  a  fluid  or  an  electrical  heater  element.  The  thermopile  can 
be  calibrated  by  the  vendor  prior  to  model  fabrication.  The  thermopile 
measures  heat  flux  and  a  resistance  thin  film  or  thermistor  can  be  used  to 
measure  surface  temperature. 

The  thin  film.  Sensor  5,  infers  the  convective  coefficient  by 
measuring  the  transient  surface  temperature  response  of  a  semi-infinite 
solid.  Relative  to  the  conventional  T/C,  the  thin  film  offers  greater 
accuracy  in  the  measurement  of  temperature.  External  heating  of  the  model 
is  required. 

The  semi-infinite  solid  with  a  semiconductor  T/C,  Sensor  6, 
offers  excellent  measurement  accuracy.  The  T/C's  are,  however,  riot 
roirm.-r.  ial  I v  available  and  specially  fabricated  and  calibrated  sensor 
plugs  will  be  required  tor  model  applicatons.  These  installation  and 
model  fabrication  requirements  necessitate  the  use  of  external  quartz 
lamps  for  model  heating. 


The  semi-conductor  thermopile,  Sensor  7,  is  similar  to  the  wafer 
thermopile  (which  uses  conventional  T/C)  except  the  semi-conductor  T/C’s 
are  not  commercially  available.  Thus,  specially  fabricated  and  calibrated 
sensor  units  are  required  for  model  applications. 

The  semi-infinite  solid  with  a  thermistor,  Sensor  8,  offers  good 
temperature  measurement  accuracy,  but  the  relatively  large  volume  of  the 
sensor  bead  results  in  a  temperature  measurement  averaged  over  its  indepth 
thickness.  In  the  transient  temperature  measurements  required  by  the 
semi-infinite  solid,  a  relatively  large  error  in  convective  coefficient 
results . 


The  pyroelectrical  ,  Sensor  9,  has  the  advantage  over  other 
transient  sensors  of  measuring  directly  the  temperature  rate  of  change 
and,  therefore,  lower  measurement  error  can  be  expected.  The  sensor  is 
not  available  commercially,  thus  requiring  the  insertion  of  sensor  plugs 
in  the  model.  These  installation  requirements  necessitate  the  use  of 
external  quartz  lamps  for  model  heating.  The  sensor  has  the  disadvantage 
over  other  sensor  concepts  of  being  fragile  because  of  crystal  brittleness 
and  weak  electrical  contacts. 

The  liquid  crystal.  Sensor  10,  measures  the  surface  temperature 
of  a  semi-infinite  solid  by  the  selective  reflection  of  light  at  different 
wavelengths.  This  "non-contact"  sensor  allows  the  measurement  of  recovery 
temperature  and  convective  coefficient  distributions  over  a  relatively 
large  area  of  the  model's  surface.  An  external  white  light  source  is 
required  that  is  located  so  that  specular  reflection  occurs  from  the  lamp 
to  model  to  recording  camera.  Temperature  measurement  is  independent  of 
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lamp  instensity,  model  curvature,  model  optical  properties,  film  quality 
and  film  processing.  Data  reduction  involves  scanning  the  photographs 
with  a  monochromator.  Data  reduction  can  possibly  be  simplified  and  made 
more  cost-effective  by  using  a  color  TV  camera  and  color  processing 
electronics . 

The  thermal  phosphor,  Sensor  11,  measures  the  surface 
temperature  of  a  semi-infinite  solid  by  the  emission  intensity  of  the 
phosphor.  This  "non-contact"  sensor,  like  the  liquid  crystal,  allows  the 
measurement  of  recovery  temperature  and  convective  coefficient 
distributions  over  a  relatively  large  area  of  the  model's  surface.  An 
external  UV  lamp  is  used  to  activate  the  thermal  phosphor.  The  emitted 
intensity,  which  is  temperature- dependent,  is  recorded  on  photographic 
film.  Conventional  data  reduction  involves  measuring  the  relative 
intensity  profiles  of  pretest  and  during-test  photographs  using  an 
isodensometer  to  infer  temperature  distributions.  This,  to  some  extent, 
minimizes  the  effect  of  model  curvature,  UV  light  intensity  and 
photographic  processing  on  the  measurement  error.  To  completely  eliminate 
any  random  fluctuations  in  these  error  sources,  a  mixture  of  two  phosphors 
with  two  different  emission  spectras  is  recommended.  Thp  relative 
intensities  of  the  two  phosphors  can  be  measured  by  a  monochromator  and 
related  to  tempertaure. 

The  IR  scanner.  Sensor  12,  is  "non-contact"  like  the  liquid 
crystal  and  thermal  phosphor,  with  temperature  inferred  by  measuring  the 
energy  emitted  by  the  surface.  The  model’s  surface  is  resistively  heated. 
Trie  IR  scanner,  at  cold  tunnel  conditions,  results  in  a  relatively  large 
temperature  measurement  error.  Also,  the  IR  scanner  is  a  very  complex 
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instrument  with  data  recording  and  data  reduction  requiring  complex 
computer  techniques. 

The  phase  change  paint,  Sensor  13,  is  a  "non-contact"  device 
that  measures  surface  temperature  by  denoting  the  time  of  phase  change 
from  test  movies.  Because  the  tunnel  supply  temperatures  can  be  below 
ambient,  phase  change  paint  cannot  be  used  to  measure  recovei  y 
temperature,  thus  requiring  auxilliary  sensor  concepts,  e.g.,  thermistors. 
The  phase  change  paint  is  relatively  simple  in  both  model  designs,  data 
recording  and  data  reduction.  Fairly  large  errors  in  the  convective 
coefficient  are  produced  by  the  uncertainty  in  phase  change  temperature 

(+3°R). 

A.Z  Cost  Comparison 

Cost  estimates  were  made  for  each  candidate  sensor  and  the 
results  are  presented  in  Table  10.  Each  sensor  is  costed  separately. 
Nonrecurring  costs  are  presented  to  identify  the  capital  equipment  costs 
anu/or  uevelopment  effort  that  is  required  to  experimentally  evaluate 
unknowns  in  sensor  operation  or  sensor  fabrication.  Unit  costs  are 
presented  based  on  using  proven  fabrication  and  operation  techniques  with 
one  model  being  tested  one  time. 

The  costs  were  estimated  assuming  that  an  instrumentation  firm 
performs  or  assists  the  government  in  the  following  efforts: 

(1)  Procures  the  hardware  noted  in  Table  10. 

i'z)  Fabricates  the  model  per  government-furni shed  design  drawings. 
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(3)  Performs  or  subcontracts  sensor  calibration  as  noted  in  Table  10. 

(4)  Assists  wind  tunnel  personnel  in  tunnel  modifications,  data 
acquisition  and  model  installation. 

(5)  Performs  data  reduction  on  tunnel-supplied  data. 

The  labor  hours  and  other  direct  costs  presented  in  Table  10 
were  converted  into  total  sensor  costs  by  using  PDA  labor,  overhead  and 
G&A  rates.  The  total  costs  were  then  normalized  using  the  1-D  thin  skin 
cost  as  a  basis.  The  normalized  costs  are  presented  in  the  table. 

Where  applicable,  cost  estimf.ates  were  made  for  resistance  model 
heating,  rather  than  the  external  lamp  method  because  of  the  former's 
lower  cost.  As  noted  in  Paragraph  3.1,  a  laboratory  effort  is  required  to 
evaluate  resistance  heater  fabrication  and  implications  on  model 
performance  (i.e.,  surface  roughness  anG  plat.e  structural  integrity). 
This  task  was  included  in  the  nonrecurring  model  fabrication  estimates. 

As  can  be  seen  in  Table  10,  the  3-D  foil.  Sensor  2,  is  the  most 
cost-effective  of  dll  sensors,  in  both  nonrecurring  and  unit  costs.  This 
is  largely  attributable  to  its  metal  construction  and  internal  fluid 
heating  method.  Tne  phase  change  paint  method.  Sensor  13,  has  the  same 
nonrecurring  cost  as  the  2-0  foil,  but  higher  unit  costs  attributed 
largely  to  the  resistance  surface  heater  and  photographic  data  reduction 
procedure . 
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5.0  SENSOR  RECOMMENDATIONS 

Paragraph  3.0  has  described  the  design,  fabrication,  tunnel 
operation  and  errors  of  candidate  sensors  in  cold  wind  tunnel 
applications.  Paragraph  4.0  has  compared  each  sensor  on  a  technical  and 
cost  basis.  The  sensor  designs  and  comparisons  were  based  on 
instrumenting  an  ogive/cylinder  model  that  is  to  be  tested  in  the  AFWAL 
Mach  3  tunnel .  The  model  and  tunnel  features  and  conditions  were 
presented  in  Paragraph  2.0.  It  should  be  noted  that  a  particular  tunnel 
condition  and  model  heating  value  were  used  in  the  error  analysis.  The 
error  magnitudes  can  therefore  be  expected  to  change  for  other 
tunnel -model  conditions  or  combinations.  The  dependence  of  sensor  errors 
on  tunnel  condition  and  model  geometry  were  not  analyzed;  however,  for 
the  condition  selected,  it  is  not  expected  that  the  relative  error  between 
sensors  will  change  appreciably  for  other  AFWAL  tunnel  conditions.  Also, 
the  comparisons  of  Paragraph  4.0  were  based  on  conjecture  wnich  is,  of 
course,  dependent  on  the  literature  at  hand  and  experience  in 
instrumentation,  model  fabrication  and  wind  tunnel  testing.  Thus,  the 
comparisons  of  Paragraph  4.0  can  be  expected  to  change  depending  on  the 
personnel  performing  the  task  and  their  relative  experience  in  each 
technical  aspect/cost  item  presented  in  Tables  9  and  10,  respectively. 
Additional  features  that  can  influence  sensor  ratings  are  the  relative 
objectives  of  the  particular  test.  That  is,  for  example,  the  relative 
ranking  of  measurement  resolution,  measurement  error  and  cost  will 
influence  sensor  selection. 
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To  minimize  the  subjectiveness  that  could  be  involved  in  final 
sensor  selection,  it  is  recommended  that  a  limited  fabrication  and  test 
effort  be  performed  to  investigate  critical  features  of  the  sensor  sytems 
that  are  concluded  in  this  study  to  be  prime  candidates  for  cold  wind 
tunnel  applications.  These  efforts  should  then  be  integrated  into  the 
investigations  of  this  program  to  identify  changes  or  revisions  to  the 
results  presented  in  Paragraphs  3.0  and  4.0. 

An  overall  summary  of  each  sensor  is  presented  in  Table  11.  The 
measurement  error  and  technical  ratinq  of  Table  9  and  the  cost  rating  of 
Table  10  are  presented  in  the  table.  Also  in  the  table,  the  sensors  are 
ranKed  as  to  overall  utility  for  making  cost-effective,  accurate 
convective  heat  transfer  measurements  in  cold  wind  tunnels.  lhe  key 
reasons  for  sensor  ranking  are  presented  below  in  the  order  of  the  overall 
sensor  utility. 

(1)  The  wafer  thermopile.  Sensor  4,  was  ranked  first  because  of  its  high 
technical  rating,  low  measurement  error  and  cost  effectiveness.  The 
sensor  is  capable  of  steady-state  operation  with  internal  heating. 
Calibrated  thermopiles  are  commercially  available.  The  convective 
coefficient  is,  however,  measured  discretely  requiring  multiple 
sensors  to  define  heat  transfer  distributions. 

(2)  Trie  2-D  foil,  Sensor  2,  has  many  of  the  advantages  of  the  wafer 
thermopile  and  was  rated  second.  Relative  to  the  wafer,  the  2-D  foil 
is  not  quite  as  accurate  and  a  little  more  complex  to  fabricate. 

(3)  the  liquid  crystal.  Sensor  10,  was  rated  third  because,  relative  to 
tne  wafer  and  2-0  foil,  it  offers  the  ability  to  measure  heat  tran-.fer 
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distributions  over  a  large  portion  of  the  model.  It  is  sliqhtly 
inferior  to  the  above  two  sensors  in  measurement  error,  technical 
rating  and  cost.  The  liquid  crystal  was  selected  over  other 
"non-contact"  sensors  because  it  (a)  is  essentially  insensitive  to 
model  curvature,  illuminating  light  intensity  and  photographic 
properties,  and  (h)  has  the  capability  of  being  cost-competitve  by 
using  color  TV  camera  hardware  to  record  and  reciuce  data.  By  using, 
for  example,  discrete,  thin  film  resistance  thermometers  on  the 
surface,  a  hybrid  sensor  concept  can  be  used  to  simultaneously  compare 
one  measurement  concept  with  another. 

(4)  The  thermal  phospnor.  Sensor  11,  has  many  of  the  advantages  of  the 
liquid  crystal  and  was  ranked  fourth.  A  design  feature  (i.e.,  two 
phosphors  with  different  spectral  emission)  that  has  been  ised  on 
discrete  thermal  phosphor  sensors  to  cancel  out  the  effects  of 
activating  light  intensity,  model  curvature  and  photographic 
properties  has  not  been  applied  to  large  area  photographs  of  wind 
tunnel  models.  This  feature  is  the  reason  the  phosphor  is  rated  below 
the  liquid  crystal.  The  phosphor  has  the  advantage  over  the  crystal 
tj f  not  requiring  that  the  1 ight-model -camera  placement  follow  the  law 
of  spectral  reflection.  This  feature  may  limit  the  area  over  the 
model  surface  which  the  liquid  crystal  can  take  measurements.  The  use 
of  the  thermal  phosphor  with  another  sensor  also  offers  the  advantage 
associited  with  a  hybrid  sensor  system. 

(b)  rn._  Unn  film  resistance  thermometer.  Sensor  5,  is  selected  fifth 
bei  ause  of  its  relative  low  measurement  error  in  surface  temperature. 
Compared  to  the  above  four  sensors,  however,  it  is  inferior  in  both 
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the  convective  coefficient  measurement  error  and  technical  rating.  It 
does  offer  cost  advantages  over  the  liquid  crystal  and  thermal 

phosphor.  Because  of  its  temperature  measurement  ability,  it  is 

recommended  to  be  used  in  conjunction  with  the  liquid  crystal  and 
thermal  phosphor  as  a  hybrid  design  method. 

(6)  The  phase  change  paint,  Sensor  13,  apparently  offers  good  measurement 

resolution  and  low  cost  in  some  appl ications,  but  has  large  measurement 
error.  Also,  the  sensor  requires  the  use  of  a  second  temperature 
measurement  device  because  recovery  temperature  can  be  below  ambient, 
the  use  of  phase  chat.ge  paint  with  the  thin  film  sensor  is  recommended 
as  a  hybrid  system.  The  thin  film  provided  data  at  discrete  points  with 

which  the  paint  data  can  be  used  for  extrapol ation  to  define  heat 

transfer  distributions  over  the  model's  surface. 

(7)  The  1-0  thin  skin.  Sensor  1,  is  rated  seventh,  below  the  wafer 
thermopile  and  2-D  foil  because  it  cannot  be  heated  internally  and  has 
a  slightly  larger  measurement  error.  The  thin  skin  is  rated  below  the 
thin  film  resistor  because  of  temperature  measurement  resolution.  Use 
of  a  thermistor  instead  of  a  conventional  T/C  as  the  temperature 
sensor  would  result  in  the  thin  skin  being  slightly  superior  to  the 
thin  film,  however,  the  structural  inti^riiv  of  the  nickel  plate 
with  a  thermistor  must  be  experimentally  evaluated.  The  thin  skin  is 
rated  below  the  liquid  crystal,  thermal  phosphor  and  phase  change 
paint  because  of  the  former's  inability  to  measure  convective  heating 
over  a  large  area  of  the  model. 

(8)  Tne  semiconductor  thermopile,  Sensor  7,  offers  excellent  measurement 
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resolution  and  can  be  operated  at  steady-state  conditions  with 
internal  heating.  The  sensor  is  not  commercially  available  and, 
therefore,  sensor  costs  are  high.  The  resolution  provided  by 
commercial  thermopiles  using  conventional  T/C's  is  more  than  adequate 
because  the  convective  coefficient  error  is  dictated  by  the  ability  to 
measure  surface  temperature.  The  more-sensitive  semiconductor 
thermopiles  are  concluded,  therefore,  to  be  an  over -design  for  cold 
wind  tunnel  applications. 

(9)  The  semiconductor  T/C  in  a  semi-infinite  solid,  Sensor  6,  is  placed 
ninth  because  of  technical  rating  and  cost.  The  device  is  not 
commercially  available  and  fabrication  features  require  that  the 
device  be  installed  on  a  plug  which  is  then  inserted  in  the  model. 
This  feature  has  the  disadvantage  of  requiring  external  light  sources 
for  heating  which,  relative  to  resistance  heating,  is  expensive. 

(10)  The  pyroelectric  crystal.  Sensor  9,  is  rated  low  because  of  technical 
rating  and  cost.  The  device  is  not  commercially  available  and 
fabrication  methods  require  that  the  sensor  be  installed  on  a  plug 
which  is  then  inserted  in  the  model.  This  feature,  like  Sensor  6, 
requires  expensive  external  light  sources  for  model  heating.  The 
pyroelectric  sensor  is  technically  rated  lower  than  the  other  discrete 
sensors  listed  above  because  it.  is  structurally  fragile  and  data 
reduction  should  be  supported  by  computer  simulations  to  minimize 
error . 


(11)  The  semi-infinite  solid  using  conventional  T/C,  Sensor  3,  is  rated  low 
because  of  measurement  error.  The  temperature  measurement  sensitivity 
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of  the  T/C  under  transient  conditions,  induces  an  unacceptable  error 
on  the  convective  coefficient. 

(12)  The  semi-infinite  solid  using  a  thermistor,  Sensor  8,  produces  an 
unacceptable  error  in  the  convective  coefficient  because  of  bead 
sizes.  If  bead  sizes  lower  than  0.00/  inch  are  commercially 
available,  then  the  conduction  error  may  be  lowered  so  the  device  can 
become  competitve  with  the  thin  film  resistor.  Sensor  5,  which  is 
rated  fifth. 

(13)  The  IR  scanner,  Sensor  12,  is  rated  last  because  of  measurement  error 
and  cost.  The  IR  scanner  is  desirable  when  the  temperature  rise  of 
the  model  is  high  enough  so  that  the  uncertainty  in  temperature 
measurement  is  close  to  other  sensor  errors.  Also,  the  nonrecurring 
cos i  is  approximately  10  times  that  of  the  baseline  sensor. 

Based  on  the  investigations  that  have  been  performed  and 
documented  in  the  preceeding  paragraphs,  the  wafer  thermopile,  2-D  foil, 
liquid  crystal  and  thermal  phosphor  sensors  (Sensors  4,  2,  10  and  11, 

respectively)  are  the  prime  candidates  for  cold  wind  tunnels.  Hybrid 
versions  of  liquid  crystal  and  thermal  phosphor  sensors  are  recommended 
using  thin  film  resistance  thermometers  (or  thermistors,  if  bead  size  less 
than  approximately  U.003  inch  are  commercially  available).  Design 
drawings  for  the  recommended  sensors  are  presented  in  Appendix  C.  It 
should  be  noted,  as  mentioned  above,  that  the  ranking  could  be  interpreted 
as  subjective.  Laboratory  investigations  are  therefore  recommended  in 
orde^  to  minimize  any  possible  oversights  that  are  inherent  in  these 
recommendations . 
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APPENDIX  A.  LITERATURE  SEARCH 

A.  1  INTRODUCTION  AND  SUMMARY 

A  literature  search  was  performed  for  the  purpose  of  identifying 
candidate  instrumentation  techniques  that  can  effectively  measure  heat  transfer 
to  models  operating  in  wind  tunnels  with  a  total  temperature  close  to  ambient. 
The  objectives  of  the  search  were  to  identify  the  following: 

1.  New,  innovative  measurement  techniques. 

2.  Advances  in  conventional  techniques. 

3.  Details  on  sensor  operation  (i.e.,  sensor  physics  of  operation, 
error,  and  data  reduction). 

4.  Details  on  sensor  application  (i.e.,  model  fabrication, 
sensor  instal lation) . 

The  search  identified  approximately  300  candidate  references.  The 
articles  and/or  abstracts  of  over  80  percent  of  these  references  were  reviewed 
to  determine  their  respective  applicability  to  cold  wind  tunnels.  The  remain¬ 
ing  articles  could  not  be  located  by  the  techniques  used  in  the  search. 


From  the  literature  review,  twelve  (12)  candidate  instrumentation 
techniques  were  identified  that  are  recommended  for  further  evaluation.  These 
techniques  include  the  following: 

1.  1 -D  thin  skin  T/C  (baseline) 

2.  2-D  foil  T/C 

3.  Metal ized  surface  T/C 

4.  Thermopile,  wafer 

5.  Thin  film  resistor 

6.  P-N  semiconductor,  surface 

7.  P-N  semiconductor,  wafer 

8.  Thermistor 

9.  Ferroelectric  sensor,  surface 

10.  Thermal  phosphor 

1 1 .  Liquid  crystal 

12.  IR  scanner 


In  the  following  paragraphs,  the  procedures  that  were  involved  in 
the  literature  search  are  described  together  with  a  list  and  summary  of  all 
identified  references.  Also  presented  are  the  reasons  for  selecting  the 
above  candidates  together  with  a  description  of  each  sensor. 
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A. 2 

The  literature  search  was  performed  using  the  library  facilities  at 
PDA  Engineering,  University  of  California  at  Irvine  (UCI)  and  The  Aerospace 
Corporation.  The  sources  that  were  reviewed  in  the  search  included  the 
following: 

-  Engineering  Index  (El),  1965- June  1981 

-  International  Aerospace  Abstracts  (IAA),  1963-1975 

-  NASA  Scientific  and  Technical  Aerospace  Reports  (STAR),  1965-1980 

-  Applied  Science  and  Technology  Index  (ASTI),  1965-1978 

-  NASA  Aeronautical  Engineering  Cumulative  Index,  1976-1979 

-  Cumulative  Index  to  NASA  Technical  Briefs,  1970-1979 

-  NASA  Technical  Memoranda,  1972-1976 

-  NASA  Technical  Translations,  1965-1975 

-  NASA  Contractor  Reports,  1973-1977 

-  NASA  Technical  Reports,  1961-1975 

-  NASA  Technical  Notes,  1973-1976 

-  The  Aerospace  Corporation  Library  Literature  Search,  1965-1980 

-  Technical  Information  Center  (formerly  DDC)  Search,  1953-1930 
The  key  words  that  were  used  in  the  search  included  the  following: 

-  Heat  Transfer  Measurement 

-  Convective  Heating 

-  Aerodynamic  Heating 

-  Heat  Flux  Gage/Sensor 

-  Heat  Transfer  Gaqe/Sensor 

-  Calorimeter 

-  Temperature  Measurement 

-  Thin  Film 

-  Thin  Foil 

-  Thin  Skin 

-  Liquid  Crystals 

-  Phosphors,  Thermal 

-  Infrared  Cameras/Scanning 

The  candidate  references  that  were  identified  in  the  search  are 
presented  in  Tables  A-l,  -2,  -3  and  -4.  The  references  are  divided  into  four 
categories  based  on  sensor  type;  Direct  Measurement,  Temperature  Sensitive 
Coatings,  Optical  and  Miscellaneous.  The  direct  measurement  category  involves 
the  physical  attachment  of  a  sensor  on  a  model  for  measuring  temperature. 
Temperature  sensitive  coatings  and  optical  methods  are  self-descriptive. 
Miscellaneous  involves  references  with  more  than  one  sensor  category  or 
requires  review  for  category  definition. 
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The  libraries  at  PDA,  the  Aerospace  Corporation  and  UCI  were  used 
to  locate  the  references  identified  in  Paragraph  A. 2.  The  references  that  were 
found  and  reviewed  are  noted  in  the  tables  to  this  appendix.  A  brief  summary 
of  each  reference  that  was  reviewed  is  also  given  in  the  tables.  Those 
references  that  could  not  be  located  and  appear  to  be  very  useful  to  the  program 
will  be  ordered  through  the  proper  agency. 

The  measurement  techniques  were  evaluated  based  on  the  following 

criteria: 

1.  Measurement  sensitivity,  accuracy  and  repeatability  of  data. 

2.  The  requirement  for  changing  model  surface  temperature  from 
ambient  conditions. 

3.  Equipment  requirements  and  applicability  to  model  type  and 
facility. 

4.  Calibration  and  data  reduction. 

5.  Cost  of  equipment,  fabrication  and  operation. 

The  measurement  techniques  that  were  identified  in  the  literature 
review  are  described  in  the  following  paragraphs  by  category. 

A . 3 . 1  Direct  Measurement  Techniques 

The  direct  measurement  techniques  and  sensor  elements  that  have  been 
identified  are  summ  rized  in  Table  A-5.  The  calorimeter  desiqn(s)  that  aooears 
to  be  most  suitable  for  each  particular  sensor  are  noted.  The  calorimeter 
types  are  particular  designs  that  place  the  sensor  in  a  situation  wherein  the 
response  can  be  used  to  infer  heat  flux. 

The  1-D  thin  skin  calorimeter  operates  on  the  principle  that  the  model 
material  in  the  vicinity  of  the  sensor  is  isothermal  so  that  the  response  of  a  sen¬ 
sor  on  the  skin's  backface  can  be  used  to  infer  heat  flux.  The  2-D  foil  calori¬ 
meter  (Gardon  gage)  is  a  thin  disk  that  is  heatsunk  around  its  circumference. 
Heat  incident  on  the  disk  causes  a  temperature  gradient  between  the  disk's 
center  and  circumference  that  is  related  to  heat  flux  by  prior  calibration. 

The  semi-infinite  solid  is  simply  the  direct  measurement  of  surface  tempera¬ 
ture.  The  wafer  calorimeter  is  the  measurement  of  the  temperature  difference 
between  the  two  surfaces  of  the  wafer.  The  null  point  calorimeter  is  a 
particular  version  of  the  semi-infinite  solid  except  the  surface  temperature 
is  inferred  by  drilling  a  particular  size  hole  to  a  given  depth  from  the 
surface.  The  hole  depth  and  diameter  are  sized  to  cause  a  "hot  spot"  wherein 
the  temperature  at  the  bottom  of  the  hole  (next  to  the  surface)  is  at  the 
surface  temperature  of  the  undistributed  material.  The  slug  calorimeter  is 
similar  in  principle  to  the  1-D  thin  skin  except  lateral  conduction  losses  are 
generally  reduced  by  using  an  insulator. 

Discussions  of  sensor  designs  as  applied  in  the  above  calorimeter 
types  follow. 
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Thermocouple  (T/C) 


Thermocouples  can  be  used  in  all  the  above  mentioned  calorimeters. 

The  measurement  sersitivity  for  single  junction  T/C  are  nearly  1/30  of  the 
sensitivity  that  can  be  acquired  by  thermopiles  and  p-n  semiconductors.  The 
Chromel-Constantan  junction  has  the  highest  T/C  emf  output  with  0.061  mv/°C. 

In  comparison,  a  p-n  germanium  junction  has  an  output  of  2.0  mv/C(DM-22)*. 

The  T/C  is,  however,  cost  effective  because  of  its  simplicity  in 
fabrication,  calibration  and  data  reduction.  The  calorimeters  using  T/C  that 
have  been  selected  for  further  evaluation  include  1-0  thin  skin,  2-D  foil 
and  semi-infinite  solid.  Schematics  of  these  calorimeters  are  presented  in  fig¬ 
ure  A-l.  The  1 -D  thin  skin  was  selected  because  the  concept  has  had  extensive 
experience  in  hot  and  cold  tunnel  heat  transfer  measurements.  This  device  will 
be  the  basis  for  comparing  the  other  selected  sensors.  The  measurement  sensitivity 
and  response  time  depends  1  argely  on  wal  1  thickness  and  material  type .  The  wall  thick¬ 
ness  must  be  minimized  to  enhance  responsiti  vity  and  yet  thick  enough  to  survive  struc¬ 
turally.  Also,  the  diameter  of  the  thin  wal  1  section  and  the  T/C  wire  diameter  must  be 
si  zed  to  minimize  conduction  errors.  Thin  skin  calorimeters  have  been  sized  to 
measure  heat  fluxes  of  less  than  1  Btu/ft^sec  with  response  times  of  approximately  10 
mi  11  isconds  (DM-21 ) .  Calorimeter  construction  methods  depend  largely  on  measure¬ 
ment  space,  model  design,  responsivity,  structural  loads  and  cost.  Typical 
construction  methods  are  as  follows: 

1.  Milling,  chemically  etching  or  electro-discharge  machining 
thin-walled  sections  in  the  model  and  welding  T/C  on  the 
backface 

2.  Plating  a  metal  layer  over  a  model  with  pro-drilled  holes. 

T/C  are  positioned  in  the  holes  with  temporary  filler 
material.  After  plating,  which  forms  a  T/C  on  the  surface, 
the  filler  is  removed  chemically  or  by  heating. 

3.  Bonding  a  thin-metal  foil  over  a  model  with  pre-drilled 
holes  and  welding  T/C  to  the  backface. 

The  2-D  foil  calorimeter  was  selected  because  it  provides  an 
instantaneous-direct  measurement  of  heat  flux  with  lateral  conduction  heat 
losses  inducing  little  or  no  error.  The  device  is  also  easily  calibrated 
(M-40).  The  nonuniform  surface  temperature  can,  however,  induce  error  if  the 
difference  in  recovery  and  surface  temperature  is  of  the  same  order  as  the 
temperature  gradient  across  the  foil.  A  rugged  foil  calorimeter  has  a  practical 
measurement  range  of  approximately  5  Btu/ft^sec  with  a  response  time  of  approxi¬ 
mately  60  milliseconds. 

The  semi -infinite  solid  was  selected  because  the  approach  offers  two 
alternate  designs.  The  design  variations  involve: 

1.  Metal ized  surface  with  one  lead  extending  into  the  epoxy 
model  with  the  other  lead  being  the  metal ized  surface. 

The  metalized  surface  can  be  continuous  or  striplined  to 
form  a  series  of  resistance  heaters  over  the  surface. 


*  References  in  Tables  A-l  to  -4.  DM  -  Direct  Measure.  TS  =  Temperature 
Sensitive  Coatings,  OS  =  Optical  Systems  and  M  -  Miscellaneous. 
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DISK  (eg.  CONSTANTAN) 


C  Type  Calorimeters 


2.  Coax  T/C  with  an  insulated  T/C  wire  penetrating  the  model 
and  folded  over  at  the  surface  to  form  a  junction. 

The  use  of  a  T/C  on  a  wafer  calorimeter  was  not  selected  because 
the  thermopile,  which  is  a  candidate,  is  far  superior  in  this  application. 

The  null-point  calorimeter  was  not  selected  because  this  is  a  version  of  the 
above  semi-infinite  solid  approach  for  applications  that  have  high  heating 
rates.  The  slug  was  not  selected  because  it  is  similar  in  concept  to  the 
1-D  thin  skin  and  more  complex  because  of  insulation  requirements. 

Thermopile 

The  thermopile  consists  of  a  number  of  differential  thermocouples  elec¬ 
trically  connected  in  series  so  that  their  outputs  are  addi  tive.  To  achieve  a  tempera 
tu re  difference  between  the  two  sets  of  junctions ,  one  set  of  junctions  i  s  typical  ly 
grouped  in  a  common  location  that  receives  heat  directly.  The  other  set  is  attached  to 
a  heat  sink.  The  thermopile  in  this  orientation  is  commonly  used  in  one  of  two  calori 
meters:  wafer  or  suspended  as  shown  in  Figure  A-2. 

The  wafer  type  has  one  set  of  junctions  on  the  exposed  surface  of 
an  insulating  wafer  and  the  other  set  between  the  wafer  and  model  body.  Heat 
flow  causes  a  temperature  gradient  across  the  wafer  which  is  proportional  to 
the  incident  heat  flux.  The  measurement  sensitivity  and  therefore  the  measure- 
able  heat  transfer  rate  is  limited  by  the  space  available  to  mount  the  wafer. 
Response  times  are  limited  by  the  wafer  thickness  and  thermal  properties. 
Accurat:  low  heat  flux  measurements  are  typically  achieved  with  a  response 
time  of  approximately  250  milliseconds  (Dfi-35).  The  wafer  is  structurally 
rugged  when  properly  attached  to  the  model.  The  wafer  thermopile  is  a  candi¬ 
date  for  use  ;n  cold  wind  tunnel  tests  because  of  measurement  sensitivity  and 
ruggedness . 

The  suspended  thermopile  is  very  fragile  and  it  is  therefore  not 
recommended  as  a  candidate  for  cold  wind  tunnel  applications.  This  type  of 
thermopile  involves  the  attachment  of  one  set  of  junctions  on  a  receiver  disk 
that  is  suspended  byleadwirec  that-  attach  the  other  set  of  junctions  to  a 
hoi low-cyl inderical  heat  sink  (DM-21).  The  suspended  thermopile  is  typically 
used  in  environments  with  very  low  aerodynamic  loads  (e.g.  radiometers). 

Thin  Film 

The  thin  film  sensor  was  selected  as  a  candidate  because  of  its 
extensive  use  in  wind  tunnel  applications  (DM-4,  -35,  -41,  -53,  -55,  -56,  -60, 
-63).  The  thin  film  sensor  is  a  very  thin  temperature-sensitive  resistance 
film  deposited  on  an  insulating  substrate.  Application  of  the  resistive  film 
can  range  from  simple  painting,  epoxy;ng,  flame  spraying,  electroless  deposition 
and  electroplating  to  the  methods  used  in  the  manufacture  of  microelectronic 
circuits:  vacuum  evaporation  and  sputtering  (DM-63).  The  recent  advances  in 
microelectronic  circuit  manufacturing  have  made  it  possible  to  produce  a  thin 
film  sensor  that  is  cost  competitive  with  the  simple  methods  and  at  the  same 
time  offer  increased  reliability,  rugo°dness  and  sensitivity.  Materials  that 
are  most  commonly  used  as  the  resistanu  element  are  platinum,  nickel,  aluminum, 
gold  and  iridium.  The  substrate  is  typii  >lly  glass  or  quartz.  The  sensor  is 
ruggedized  by  the  deposition  of  an  Si  Op  cc  ting.  The  resistance  element  and 
protective  coating  thickness  are  typically  400  and  8000  A,  respectively.  Time 
constants  are  less  than  10  milliseconds  (DM-4). 
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Semiconductors 


Semiconductor  thermocouples  are  similar  to  conventional  thermo¬ 
electric  thermocouples  except  the  Seebeck  coefficient  for  the  former  is 
between  30  and  100  times  that  of  the  latter.  Semiconductors  have  been 
successfully  used  in  measuring  surface  temperatures  for  the  semi-infinite 
type  calorimeter  (DM-22)  and  temperature  gradients  for  the  wafer-type 
calorimeter  (DM-50).  The  semiconductor  elements  are  usually  very  small  and 
the  formation  of  the  junction  requires  another  material.  This  material 
effects  the  temperature-EMF  relationship  and  unlike  the  conventional  T/C, 
each  individual  semiconductor  T/C  requires  individual  calibration. 

The  semiconductor  T/C  in  the  semi-infinite  solid  configuration  is 
reported  to  measure  heat  transfer  rates  as  low  as  0.1  Btu/ft^sec  with  a 
resolution  of  +  10  percent  (DM-22).  In  this  application  the  T/C  had  a 
sensitivity  of  2  mv/°C  with  a  response  time  of  approximately  10  milliseconds 
The  T/C  elements  were  p-n  germanium  packaged  in  a  4  mm  dia  x  5  mm  threaded 
plug.  The  instrument  in  this  configuration  appears  to  be  very  useful  in  cold 
wind  tunnel  applications  and  is  therefore  a  candidate  for  further  evaluation 

The  semiconductor  T/C  in  the  wafer  configuration  appears  also  to  be 
very  useful  in  cold  wind  tunnels.  The  sensor  described  in  DM-fO,  althouoh  de¬ 
signed  for  cryogenic  purposes,  appears  in  principle  to  be  applicable.  The 
sensor  had  good  resolution  0.2  mv/  ’C  but  was  configured  so  the  response  time 
was  5  seconds.  The  semiconductor  was  AqSbTe2> 

Thermistor 

Thermistors  are  resistance  thermometers  using  a  semi-conductor  as 
the  sensor  element.  The  sensors  can  be  made  as  small  as  0.010  inches  in 
diameterwith  0.001-inch  lead  wires.  The  sensing  element  is  encased  in 
ceramic  to  provide  electrical  insulation  of  the  sensing  element  and  lead  wires. 
Thermistor  resistance  change  between  300  and  1200°R  is  10^  times  the  resis¬ 
tance  charge  of  metallic  elements  used  in  thin  film  gages  (DM-85).  Thermistor 
resistance  is,  however,  extremely  nonlinear  with  temperature.  The  thermal 
contact  problem  induced  by  the  ceramic  insulation  causes  the  thermistor  to  be 
inferior  to  conventional  T/C  in  the  1-D  thin  skin  application.  However,  be¬ 
cause  of  its  high  measurement  sensitivity  and  ruqgedness,  it  appears  attrac¬ 
tive  for  use  in  the  semi-infinite  solid-type  calorimeter. 

Ferroelectric 

Ferroelectric  sensors  operate  on  the  principle  that  the  electrical 
polarization  of  the  sensor  material  is  dependent  on  the  rate  of  temperature 
change  (DM-48).  Thus  the  sensor  output  can  bo  related  dTTectly  to  incident 
heat  flux.  The  sensor  is  a  thin  slab  of  ferroelectric  material  (e.g.  barium 
titanate)  with  electrodes  attached  to  both  sides.  A  change  in  temperature 
causes  a  change  in  polarization  which  in  turn  produces  a  change  in  electrical 
current.  This  current  change  can  be  related  to  heat  flux  by  prior  calibration. 

The  sensor  constructed  and  tested  in  DM-48  was  a  barium  titanate 
disk,  .10  inches  in  diameter  and  0.007  inches  thick.  The  disk  was  mounted  on 
a  nylon  plug.  The  sensor  sensitivity  in  this  configuration  was  approximately 
150  mv/w  with  a  response  time  of  between  3  ana  5  milliseconds.  Excellent  data 
was  acquired  in  tunnel  tests  with  no  evidence  of  spar  ous  output. 
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A. 3. 2. 


Temperature-Sensitive  Coatings 

There  are  four  categories  of  temperature-sensitive  coatings:  liquid 
crystals,  thermal  phosphors,  color  (or  phase)  change  paints,  and  low-temperature 
ablators  (LTA).  Quantitative  heat  transfer  data  has  been  acquired  on  liquid 
cyrstals  (TS-1,  TS-11,  TS-17)  and  thermal  phosphors  (TS-6,  M-88).  Color  change 
paints  provide  more  qualitative  data  and  appear  to  have  no  advantage  over 
liquid  crystals  or  thermal  phosphors.  LTA  materials  have  been  used  to  infer 
surface  heating  by  the  analogy  between  mass  transfer  and  heat  transfer  (TS-27). 

Liquid  crystals  indicate  colors  as  a  function  of  temperature  within 
the  temperature  range  for  which  they  were  prepared.  When  illuminated  by  white 
light  within  their  active  temperature  range,  they  selectively  reflect  light 
of  discrete  wavelengths  and  thus  indicate  discrete  colors  in  the  spectrum. 

This  occurs  by  changes  in  their  molecular  structure  that  occur  with  changes 
in  temperature.  This  change  is  reversible.  Their  active  temperature  range 
can  be  as  narrow  a^  0.5°C  or  as  wide  as  50°C.  They  possess  high  resolution 
of  up  to  20  lines/mm  with  a  response  time  of  less  than  0.2  seconds  (TS-1). 

There  are  three  methods  of  applying  cholesteric  liquid  crystals  to  a  test  sur¬ 
face  (TS-1).  In  the  first  method,  the  crystals  are  coated  directly  on  to  the 
surface;  in  the  second,  the  surface  is  primed  with  a  black  paint  before  ap¬ 
plication  of  the  crystals;  and  in  the  third,  the  crystals  are  coated  on  to 
a  thin  plastic  film  which  is  then  attached  to  the  test  surface  with  the  coated 
face  exposed.  Care  is  required  in  their  application  and  use  because  contami¬ 
nation  can  change  their  temperature  response.  In  wind  tunnel  application,  a n 
external  light  source  will  be  required  for  illumination  with  uniform  model 
illumination  being  impossible  for  the  coated  nosetip  configurations  of 
interest.  A  pre-run  calibration  technique  may  be  devised  that  can  minimize 
errors  due  to  nonuniform  illumination. 

Thermal  phosphors  can  be  made  wherein  emission  is  temperature  dependent 
and  reversible.  The  dependence  of  phosphor  brightness  results  from  differences 
in  electron  energy  levels  that  is  produced  by  specific  trace  impurities  in  the 
crystal  lattices  of  the  pure  phosphor  (TS-6).  The  active  temperature  range  and 
also  the  temperature  resolution  can  be  varied  by  changing  the  impurities.  The 
minimum  temperature  change  that  phosphors  can  resolve  with  the  photographic 
techniques  available  in  TS-6  is  quoted  to  be  0.2°C.  The  response  time  of  the 
phosphor  by  itself  is  reported  to  be  approximately  1  millisecond  causing  the 
response  time  of  the  phosphor  coated  model,  in  most  cases,  to  be  dependent  on 
the  thermal  diffusivity  of  the  model  material.  As  with  liquid  crystals, 
phosphors  require  external  light  for  activation,  e.g.,  UV  light  source.  Errors 
can  be  generated  by  nonuniform-nonrepeatable  lighting.  Errors  are  also  intro¬ 
duced  by  random  variation  in  the  optical  film  density  and  nonuniformities  in 
film  development. 

Liquid  crystals  and  thermal  phosphors  both  appear  attractive  for 
getting  heat  transfer  data  over  a  large  area  of  the  model  with  no  disturbance 
to  the  flow  field  or  alteration  to  the  model.  The  concepts  are  therefore 
recommended  for  further  investigation. 


The  use  of  LTA  materials  to  infer  heat  transfer  in  cold  wind 
tunnels  is  questionable.  Calculations  were  performed  on  a  sphere-cone  with  a 
'  cone  half  angle,  0. 6-inch  nose  radius  and  a  1.5-inch  base  radius.  The 
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flow  was  Mach  3  with  a  total  temperature  of  530°R  and  model  stagnation  pressures 
of270  and  570  psia.  The  results  show  cold  wall  heat  fluxes  of  40  and  400  Btu/ 
ft  -sec  on  the  hemisphere,  down  to  15  and  75  But/ft  sec  on  the  afterbody.  From 
the  LTA  studies  of  TS-28,  camphor  or  napthalene  appear  to  be  most  applicable  for 
cold  wind  tunnel  applications  because  of  their  structural  stability  and  relatively 
high  ablation  rate.  On  the  hemisphere  nose,  the  camphor  ablation  rate  will  be  2.8 
x  1 0~5  in/sec  and  5.3  x  10"5  in/sec.  Measurement  errors  and  ablation  of  the 
model  prior  to  and  after  the  test  indicate  that  ablation  depths  of  at  least  0.020 
inch  are  required  in  the  model  to  result  in  reasonable  inferred  heat  transfer 
rates.  This  indicates  that  test  durations  of  approximately  2000  seconds  are 
required  at  the  70  psia  condition. 


A. 3. 3  Optical  Systems 

Optical  systems  that  have  some  potential  for  measuring  surface  heat 
transfer  rates  include  the  following: 

1 .  IR  Scanner 

2.  Laser  Holograms 

3.  Wol lasten-Schl  ieren 

4.  Moch  Zehnder  Schl ieren 

5.  Semi-focusing  Color  Schlieren 

The  Schlierens  and  laser  holograms  are  used  extensively  for  flow 
visualization  with  some  attempt  to  infer  surface  convective  heating  (0S-1 , 
0S-2,  0S-11).  Surface  heating  is  deduced  by  extropolation  of  gas  density 
profile  down  to  the  surface  and  has  been  accomplished  in  hot  gas  tunnels  and 
shock  tubes  with  2-dimensional  models.  Application  of  these  techniques  to 
cold  wind  tunnels  with  axisymmetric  models  at  angle  of  attack  do  not  appear 
to  be  feasible.  These  approaches  are  not  recommended  for  further  evaluation. 

The  IR  scanner  has  been  used  successfully  to  measure  model  heat 
transfer  in  hot  tunnels  (0S-30,  0S-33,  OS-38,  M-88).  Relative  to  the  other 
candidate  sensors  identified  in  the  above  paragraphs,  the  capital  equipment 
costs  for  the  IR  scanner  are  large.  The  IR  scanner  and  data  processing 
equipment  involve  a  large  initial  investment;  however,  once  installed  and 
working  the  systems  offer  great  capability  in  acquiring  heating  data  over  a 
large  area  of  the  model. 

The  IR  scanner  is  an  IR  radiometer  that  is  scanned  over  the 
test  area.  A  point-by-point  and  line-by-line  IR  image  of  the  model  is 
produced  that  is  translated  into  discrete  emission  values  for  each  point.  If 
the  surface  emissivity  (directional  emission  characteristics  for  other  than 
normal  viewing)  is  known,  the  temperature  can  be  calculated.  The  large  number 
of  discrete  data  points  that  are  generated  requires  the  use  of  a  high  speed 
computer  for  data  interpretation. 

Measurement  resolution  of  the  scanner  is  reported  to  be  0.2°C  for 
fast  response  scanners.  The  use  of  the  IR  scanner  in  hot  wind  tunnels  have 
shown  the  heat  transfer  rate  inferred  by  the  IR  method  to  be  very  close  to 
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those  inferred  by  both  thermal  phosphors  and  direct  foil  calorimetery  (M-88). 

In  this  case,  however,  the  measurement  region  was  normal  to  the  angle  of 
incidence  thereby  eliminating  off  normal  emission  errors.  Based  on  these  data 
correlations,  the  IR  scanner  is  recommended  for  further  evaluation  for  use  in 
cold  wind  tunnels. 

A. 4.0  RESOLUTION  ENHANCEMENT 

The  measurement,  resolution  of  convective  heat  transfer  can  be 
enhanced  by  either  increasing  sensor  sensitivity  and/or  increasing  the 
temperature  potential  between  model  and  gas  recovery  temperature.  Three 
sensors  have  been  identified  that,  relative  to  conventional  1/C  and  resistance 
thermometers,  offer  high  measurement  sensitivity.  These  are  the  thermopile, 
semi-conductor  T/C  and  ferroelectric  devices  and  in  cold  wind  tunnel  applications, 
they  may  or  may  not  need  active  methods  for  increasing  the  temperature  potential. 
The  other  candidates  identified  in  Paragraph  A. 3,  all  appear  to  require  some  type 
of  active  method  for  enhancing  resolution.  Active  methods  include  external 
quartz  lamps,  self  heating  of  resistance  thermometers,  metal i zed  resistance 
surface  heaters,  microwave  and  hot  fluid.  These  methods  are  summarized  in 
Table  5.  The  particular  sensor  application  in  which  further  investigation  is 
recommended  is  a'so  identified  in  the  table. 

Quartz  lamps  involves  heating  the  model's  surface  with  external  lamps 
properly  positioned  so  a  uniform  radiation  heat  flux  is  obtained  in  the  region 
of  interest.  Quartz  lamps  ire  available  that  can  produce  model  heat  fluxes 
as  high  as  10  Btu/ft^sec.  The  temperature  response  of  a  Teflon  model  irradiated 
with  an  external  heat  flux  of  2.5  Btu/ft^sec  is  presented  in  Figure  A. 3.  The 
steady  state  temperature  shifts  that  are  caused  by  external  heating  are  between 
10  and  100°F  for  convective  transfer  rates  of  between  20  and  100  Btu/ft^sec, 
respectively.  These  temperature  shifts  are  inversely  proportioned  to  the  local 
convective  heat  flux  and  eliminate  the  need  for  fast  response  time  sensors. 

If  the  incident  radiation  heat  flux  is  known,  the  convective  heat  flux  can  be 
simply  calculated  from  the  measured  temperature  shift.  The  incident  radiation 
heat  flux  can  be  measured  by  calibrating  the  model  and  quartz  lamps  in  a  near 
vacuum  where  convective  heat  transfer  is  neglible. 

Self  heating  is  an  attractive  approach  for  resistance-type  sensors . 

The  voltage  applied  to  measuie  resistance  can  also  be  used  for  self  heating 
to  produce  the  desired  temperature  shift.  A  inetalized  surface  layer  can  be 
used  as  a  heater  to  increase  the  resolution  of  conventional  theniiocoupks . 
Microwave  or  induction  heating  is  attractive  because  direct  contact  between 
the  heating  element  and  mode!  is  not  required.  The  use  of  a  fluid  to  heat 
the  model  requires  flow  rhannels  and  seals  causing  couple* i ties  ir  tK-  model 
design.  However,  internal  fluid  heating  may  have  advantages  over  the  external 
quartz  lamp  for  3-D  models. 

A. 5.0  CONCLUSIONS 

The  literature  search  and  review  has  identified  thirteen  (13)  can¬ 
didate  instrumentation  techniques  that  are  recommended  for  further  evaluation 
for  use  in  cold  wind  tunnels.  The  techniques  are  summarized  in  Paragraph  A. 1 . 

Also,  five  (5)  methods  for  increasing  measurement  sensitivity  are  recommended 
for  further  review.  These  methods  and  the  instrumentation  techniques  for 
which  they  appear  applicable  are  presented  in  Table  A-5. 
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Figure  A-3.  Computed  Model  Temperature  Response  Histories 
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TABLE  A-l.  DIRECT  MEASUREKENT  TECHNIQUES  (Continued) 
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TABLE  A-l.  OIRECT  MEASUREMENT  TECHNIQUES  (Continued) 
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APPENDIX  B.  COMPUTER  MODEL 


A  computer  code  was  generated  to  predict  the  temperature  response 
of  candidate  sensor  concepts.  The  code  models  two  dimensional  axissymetric 
heat  conduction  in  the  radial  and  axial  direction  using  finite  difference 
techniques.  The  four  sensor  geometries  of  Figure  B-l  can  be  analyzed.  Four 
different  materials,  including  the  air  void  for  sensors  1  and  2  of  Figure 
B-l,  can  be  included  in  the  analysis.  Twenty  radial  and  ten  axial  nodes 
(200  total  nodes)  can  be  used  to  define  the  sensor.  Half  nodes  are  used  on 
the  front  surface.  Radiation  and  convective  boundary  conditions  can  be 
applied  at  the  front  surface.  Resistance  heating  of  the  metal ic  skin  or 
wafer  is  modeled  using  Eqn  4.  Convective,  adiabatic  and  constant  backface 
temperature  boundary  conditions  can  be  used  at  the  back  surface.  An 
adiabatic  condition  is  assumed  on  the  circumference  of  the  last  radial  nodes 
Program  input  is  defined  in  Table  B-l. 

The  thermal  properties  that  were  used  to  analyze  candidate  sensor 
systems  are  presented  in  Table  B-2.  The  properties  were  obtained  from 
Reference  DM-89. 
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Figure  B-l .  Sensor  Options  of  Computer  Model 
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TABLE  B-l .  2-D  CONDUCTION  PROGRAM  INPUT 

Cold  Wall  Heat  Flux  for  Node  Columns  1  to  NRAD,  Btu/ft^-sec. 
Recovery  Entholpy,  Btu/lb 

2 

Incident  Radiation  Heat  Flux,  Btu/Ft  -sec. 

Time  QRI  Starts 

Tunnel  Wall  Temperature,  °R 

If  I  FLU  I D  =  1  Then  Internal  Fluid  Heating;  If  =  2  No  Internal 
Fluid  Heating 

If  I  FLU I D  =  1  Then  Use  Fluid  Temp.,  °R;  Otherwise  Input  Dummy, 
I  FLU  I D  =  1  Only  for  Model  =  3  and  4 

T/C  Radius  ( In) 

T/C  Node  Thickness  for  Model  =  2  Only.  No.  T/C  Nodes  =  NIN. 
Model  =  3.  DXTC  is  not  used. 

No.  of  Radial  Nodes  (20  Max.) 

No.  of  Indepth  Nodes  (10  Max.) 

Radial  Width  of  Columns  1  to  NRAD,  Inches 

Indepth  Thickness  of  Node  Rows  1  to  NIN,  Inches 

In  The  Following,  The  Last  Letter  J  is  Replaced  by  F  for 
Foil,  TC  for  T/C  and  S  for  Structure: 

CDJ  =  Thermal  Conductivity,  Btu/ft-sec-°R 

CPJ  =  Specific  Heat,  Btu/lb°R 

RHOJ  =  Density,  lb/ft3 

Surface  Emissivity 

Structure  Emissivity 

1  is  for  2-D  Foil,  =  2  is  for  1-D  then  Skin.  =  3  is  for  Semi- 
Sol  id  and  =  4  is  Wafer. 

No.  Foil  Nodes  for  2-D  Foil 

No.  of  Last  Skin  Node  that  is  Unsupported  in  1-D  Thin  Skin 

No.  of  Wafer  Nodes 

Initial  Temp,  °R 

Time  Step  Constant,  Usually  1/2 

Final  Time,  sec. 

Print  Interval,  sec. 


t 
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TABLE  B-2.  MATERIAL  THERMAL  PROPERTIES 


MATERIAL 

THERMAL  CONDUCTIVITY 
(Btu/ft  sec°R) 

SPECIFIC  HEAT 
!  ( Btu/1 b°R) 

DENSITY 

(lb/ft3) 

Stycast  2762FT 

2.2X10"4 

j  0.2 

131 . 

Stycast  1095 

3.0X10‘b 

0.25 

50. 

Stycast  2850KT 

6.9X10"4 

0.2 

175. 

Electroless  Nickel 

9.1X10'4 

I 

i  0.13 

512. 

(Niculoy  22) 

Chrome 1 

3.0X10'3 

0.11 

545. 

Constantan 

3.4X1 0-3 

0.094 

557. 

hat  ium  Titanate 

4.8X10-3 

0.12 

374. 

I 
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APPENDIX  C.  SENSOR  DESIGN  DRAWINGS 


Design  and  fabrication  drawings  were  generated  for  the  four  candidate 
sensor  systems  recommended  for  cold  wind  tunnel  application.  Table  C-l  iden¬ 
tifies  the  sensor  system  with  the  applicable  design  drawings  included 
as  attachments  to  this  report.  Fabrication  procedures  are  presented  in  the 
noted  paragraph  numbers. 


TABLE  C-l.  SENSOR  -  DESIGN  DRAWING  IDENTIFICATION 


Sensor 

Assembly  Drawing 

Component  Design 
Drawi ng 

Report  Paragraph 
with  Fabrication 

Wafer  Thermopile 
(Sensor  4) 

SK44309 

SK44308, 

Model  Structure 
SK44307-1 , 

Water  Seal  Cap 
SK44306 , 

Replica  Model 
SK44305, 

Model  Mold 

3.4 

2-D  Foil 
(Sensor  2) 

5K44311 

SK44310, 

Model  Structure 
SK44307-4, 

Water  Seal  Cap 

3.2 

Liquid  Crystal 
(Sensor  10) 
and 

Thermal  Phosphor 
(Sensor  11) 

SK44313 

SK44312, 

Model  Structure 
SK44306 , 

Replica  Model 
SK44305, 

Model  Mold 

3.10  and 

3.11 

.. 

The  critical  stress  loads  on  the  model  include  1)  the  aerodynamic 
loads  induced  by  angle-of-attack  testing  and  2)  internal  pressure  loads  resulting 
from  the  flow  of  heating  water  in  the  wafer  and  2- D  foil  sensor  systems.  At  the 
maximum  tunnel  supply  pressure  (570  psia)  and  with  the  model  at  a  10°  angle-of- 
attach,  the  pressure  differential  from  the  windward  to  leeward  sides  vary  from 
3.2  atm  at  the  0.1  station  (distance  from  stagnation  point)  to  0.4  atm  at  the 
9  inch  station.  The  resulting  bending  moment  at  the  base  of  the  0.700  inch 
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diameter  wafer,  SK44308,  is  230  in-lb.  This  induces  a  maximum  stress  of  8500 
psi  which  is  3.5  times  lower  than  the  30000  psi  yield  strength  of  304  stainless 
steel.  The  model  diameter  of  0.650  inches  for  the  liquid  crystal  and  thermal 
phosphor  sensors  was  selected  to  result  in  the  same  maximum  stress  (i.e., 

8500  psi).  The  2-D  foil  model,  SK44311 ,  has,  relative  to  the  wafer  model,  a 
larger  moment  of  interia  and  therefore  a  lower  maximum  stress. 

Internal  water  pressure  is  required  in  the  wafer  and  2-D  foil  models. 
At  a  tunnel  supply  pressure  of  570  psia,  the  average  cold  wall  heat  flux  over  the 
model  surface  is  approximately  80  Btu/ft^  sec,  see  Figure  2.  With  a  model 
recovery  temperature  of  480°  R,  a  water  flow  rate  of  approximately  0.08  lb/sec 
and  an  inlet  temperature  of  660°  R  is  required  to  maintain  the  model  surface 
temperature  between  600  and  640°  R.  The  dynamic  pressure  of  the  water  in  the 
center  of  the  steel  inlet  tube  is  23  psi.  The  pressure  drop  from  the  water  inlet 
to  the  outlet  is  estimated  to  be  90  psi.  Using  the  3.5  factor  of  safety  in  the 
bending  moment,  the  internal  pressure  in  the  model  is  315  psi.  In  comparison 
to  the  bending  loads,  the  hoop  and  tensile  stresses  induced  by  the  internal  water 
pressure  are  negligible. 


t  • 


